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Abstract: The syntheses and catalytic properties of four new 1,2-acenaphthenyl N-
heterocyclic carbene-supported palladium(II) catalysts are presented. The acenaphthenyl 
carbene can be prepared using either mesityl or 2,6-diisopropyl N-aryl substituents. In 
addition, two new heterogeneous analogs were synthesized with 2,6-diisopropyl N-aryl 
substituents that were anchored through the backbone to an insoluble silica-support. 
Comprehensive catalytic studies of the Suzuki coupling of aryl halides with aryl boronic 
acids were carried out. In general, the homogeneous diisopropyl-functionalized catalyst 
was found to exhibit superior selectivity and reactivity. A comparison of the 
performances of the aforementioned catalysts in toluene, dichloromethane and aqueous 
solutions are also presented. In organic solvents, the catalysts were found to be proficient 
for the homogeneous Suzuki coupling of aryl iodides, bromides and chlorides with 
boronic acids at low temperatures (35‒40 °C). Similar reactions that were carried out in 
aqueous media resulted in the formation of insoluble colloidal catalytic species. 
Nevertheless, these species still retained high activities in terms of in the Suzuki reaction 
with aryl chlorides. Moreover, the heterogeneous Pd precipitates can be easily recovered 
for subsequent use by means of filtration. The activation energies that were determined 
viii 
 
for the aryl bromide-based Suzuki reactions were found to fall in the range, 159.2‒171.2 
kJ mol
‒1
 in organic solvents and 111.3‒115.9 kJ mol
‒1
 in water. The corresponding 
activation energy for the aryl chloride was found to be 321.8 kJ mol
‒1 
in aqueous media 
using the homogeneous diisopropyl-functionalized carbene catalyst. Conversely, the 
heterogeneous catalyst exhibited reactivity toward aryl iodides and bromides exclusively, 
and required significantly higher temperatures and catalyst loadings in both toluene and 
water. Additional experimental trials that were performed in tetrahydrofuran solution at 
lower temperatures resulted in substantially larger catalytic conversions. The 
heterogeneous catalyst allowed for easy separation and recovery. However, the catalyst 




Table of Contents 
List of Tables ....................................................................................................... xiii 
List of Figures .................................................................................................... xxiv 
List of Schemes ..................................................................................................xxxv 
Chapter 1:  Suzuki-Miyaura Coupling:  a broad overview of homogeneous and 
heterogeneous Suzuki-Miyaura cross-coupling catalysis ...............................1 
1.1 Introduction ...............................................................................................1 
1.1.1 History...........................................................................................1 
1.1.2 Mechanism ....................................................................................4 
1.1.3 Current Applications ...................................................................11 
1.2 Homogeneous Catalysis ..........................................................................16 
1.2.1 Ligands ........................................................................................16 
1.2.1.1 Phosphine Ligands ..........................................................17 
1.2.1.2 N-Heterocyclic Carbene Ligands ....................................30 
1.2.1.3 Mixed Phosphine and NHC Ligands ..............................44 
1.2.2 Media ..........................................................................................52 
1.3 Heterogeneous Catalysis .........................................................................57 
1.3.1 Polystyrene and Other Polymer Supports ...................................58 
1.3.1.1 Polymer-supported Phosphine Ligands ..........................58 
1.3.1.2 Polymer-supported N-Heterocyclic Carbene Ligands ....65 
1.3.2 Silica ...........................................................................................68 
1.3.2.1 Silica-supported Phosphine Ligands ...............................68 
1.3.2.2 Silica-supported N-Heterocyclic Carbene Ligands ........72 
1.3.3 Media ..........................................................................................78 
1.4 Homogeneous vs. Heterogeneous Catalysis ...........................................82 
1.4.1 Identification of the Active Species ............................................83 
1.4.2 Homoeopathic Systems ...............................................................85 
x 
 
Chapter 2:  Bis(imino)acenaphthene (BIAN)-supported palladium(II) carbene 
complexes as effective C‒C coupling catalysts and solvent effects in organic 
and aqueous media ........................................................................................88 
2.1 Abstract ...................................................................................................88 
2.2 Introduction .............................................................................................88 
2.3 Results and Discussion ...........................................................................91 
2.3.1 Catalyst synthesis and structures ................................................91 
2.3.2 Suzuki coupling by catalysts 1 and 2 with aryl iodide, bromide and 
chloride precursors ......................................................................93 
2.3.3 A quantitative assessment of the effect of solvent system upon 
Suzuki coupling by catalysts 1 and 2 ........................................101 
2.4 Conclusions ...........................................................................................126 
2.5 Summary of Key Results ......................................................................127 
2.6 Acknowledgements ...............................................................................127 
2.7 Experimental .........................................................................................127 
2.7.1 General Procedures ...................................................................127 
2.7.2 Physical Measurements .............................................................127 
2.7.3 Preparations...............................................................................128 
2.7.3.1 IMes(BIAN)[AgCl].......................................................128 
2.7.3.2 (IMes)PdCl2PPh3 (1) .....................................................129 
2.7.3.3 (IPr)PdCl2PPh3 (2) ........................................................129 
2.7.4 General Procedure for Suzuki Cross-Coupling Reactions ........130 
Chapter 3:  Direct comparison of bis(imino)acenaphthene (BIAN)-supported 
palladium(II) mono- and bis(carbene) complexes as catalysts for Suzuki-
Miyaura cross-coupling reactions ...............................................................131 
3.1 Abstract .................................................................................................131 
3.2 Introduction ...........................................................................................131 
3.3 Results and Discussion .........................................................................133 
3.4 Conclusions ...........................................................................................145 
3.6 Summary of Key Results ......................................................................146 
3.6 Acknowledgements ...............................................................................146 
xi 
 
3.7 Experimental .........................................................................................146 
3.7.1 General Procedures ...................................................................146 
3.7.2 Physical Measurements .............................................................146 
3.7.3 Preparations...............................................................................147 
3.7.3.1 (IMes)2PdCl2 (3) ...........................................................147 
3.7.3.2 (IPr)2PdCl2 (4) ...............................................................148 
3.7.4 General Procedure for Suzuki Cross-Coupling Reactions ........148 
Chapter 4:  Suzuki-Miyaura cross-coupling reactions performed with silica-anchored 
bis(imino)acenaphthene (BIAN)-supported palladium(II) carbene complexes150 
4.1 Abstract .................................................................................................150 
4.2 Introduction ...........................................................................................150 
4.3 Results and Discussion .........................................................................154 
4.3.1 Synthesis of 5 ............................................................................154 
4.3.2 Characterization of 5 .................................................................156 
4.3.3 Optimization of the catalytic activity of 5 ................................158 
4.3.4 Catalytic activity of 5 ................................................................164 
4.3.5 Recyclability of 5 ......................................................................169 
4.3.6 Synthesis and characterization of 6 ...........................................173 
4.3.7 Catalytic activity of 6 ................................................................176 
4.3.8 Final optimization of 5 ..............................................................178 
4.4 Conclusions ...........................................................................................181 
4.5 Summary of Key Results ......................................................................182 
4.6 Acknowledgements ...............................................................................182 
4.7 Experimental .........................................................................................182 
4.7.1 General Procedures ...................................................................182 
4.7.2 Physical Measurements .............................................................182 
4.7.3 Preparations...............................................................................183 
4.7.3.1 1-methylacenaphthenequinone (A-I) ............................183 
4.7.3.2 1-ethylacenaphthenequinone (B-I)................................184 
4.7.3.3 1-methyl(dipp)BIAN (A-II) ..........................................185 
xii 
 
4.7.3.4 1-ethyl(dipp)BIAN (B-II) .............................................185 
4.7.3.5 [1-methyl(IPr)BIAN]Cl (A-III) ....................................186 
4.7.3.6 [1-ethyl(IPr)BIAN]Cl (B-III) ........................................187 
4.7.3.7 [1-bromomethyl(IPr)BIAN]Cl (A-IV) ..........................187 
4.7.3.8 [1-bromoethyl(IPr)BIAN]Cl  (B-IV) ............................188 
4.7.3.9 Functionalized Silica (C) ..............................................188 
4.7.3.10 [1-methyl(IPr)BIAN]Cl@SiO2  (A-V) .......................189 
4.7.3.11 [1-ethyl(IPr)BIAN]Cl@SiO2  (B-V) ...........................189 
4.7.3.12 [1-methyl(IPr)BIAN]AgCl@SiO2  (A-VI) .................189 
4.7.3.13 [1-ethyl(IPr)BIAN]AgCl@SiO2  (B-VI) ....................190 
4.7.3.14 [1-methyl(IPr)BIAN]PdCl2PPh3@SiO2  (A-VII) .......190 
4.7.3.15 [1-ethyl(IPr)BIAN]PdCl2PPh3@SiO2  (B-VII) ...........190 
4.7.4 General Procedure for Suzuki Cross-Coupling Reactions ........191 
Appendix A: XRay Tables .................................................................................192 
Appendix B: UV-vis Spectroscopy ......................................................................235 






List of Tables 
Table 1.1: Reaction conditions: 3 mol% Pd2(dba)3, 6 mol% P-donor ligand, 2 
equivalents K3PO4, dioxane, 95 °C, 8 h. ...........................................19 
Table 1.2: Reaction conditions: 1.5 mol% Pd2(dba)3, 3.6 mol% phosphane, 2 
equivalents Cs2CO3, dioxane, 80 °C, 5 h. .........................................20 
Table 1.3: Reaction conditions: Pd(OAc)2:P (2:1), K3PO4, toluene, 100 °C, 20 h.21 
Table 1.4: Reaction conditions: Pd(OAc)2:L•HCl, Cs2CO3, dioxane, 80 °C, 1.5-39 h; 
(a) Pd2(dba)3 was used in these reactions. ........................................35 
Table 1.5: Buried volume calculated for a Pd–Ccarbenic bond length of (a) 2.0 Å or (b) 
experimental values based on crystallographic data (S indicates a 
saturated C–C backbone). .................................................................38 
Table 1.6: Pertinent results obtained from Suzuki coupling with sterically-hindered 
(NHC)Pd(allyl)Cl complexes; Reaction conditions: Pd (1 mol%), 
NaO
t
Bu, dioxane, 80 °C, 20 min. .....................................................39 
Table 1.7: Saturated and unsaturated biscarbene complexes along with the 
corresponding yields obtained from the Suzuki coupling of p–
chlorotoluene and phenylboronic acid (a) a mixture of cis– and trans–
isomers; Reaction conditions: Pd (1 mol%), (t–Bu3)P (2 mol%), H2O, 
reflux, 24 h. .......................................................................................43 
Table 1.8: Suzuki coupling of aryl bromides and chlorides with phenylboronic acid 
using trans-NHC-phosphine catalysts; Reaction conditions: Pd (1.0 
mol%), 130 °C. .................................................................................46 
Table 1.9: The thermal analysis data for mixed PR3/NHC complexes. .................49 
xiv 
 
Table 1.10: Turnover numbers for Heck reactions of iodobenzene and methyl 
acrylate; Reaction conditions: Pd (0.25 mol%), 60-95 °C. ...............53 
Table 1.11: Suzuki coupling of m-chlorobenzoic acid and phenylboronic acid with 
ligand A or B in various solvent systems; Reaction conditions: Pd (2 
mol%). ...............................................................................................57 
Table 1.12: Suzuki coupling of several bromoaromatics with phenylboronic acid 
utilizing catalyst A (0.2 mol%), B (3 mol%), or Pd(PPh3)4 (3 mol%) in 
Tol:EtOH:H2O (10:1:1). ...................................................................59 
Table 1.13: Microwave irradiation of the Suzuki coupling of 2-bromonaphthalene and 
sodium tetraphenylborate in H2O at 120 °C for 15 min. ..................60 
Table 1.14: Surface areas, pore volumes and catalytic activities of five phosphine-
palladium heterogeneous catalysts on silica. ....................................72 
Table 1.15: Yields of Pd(OAc)2-BOX-MPSG catalyst for toluene, DMAc, NMP, 
DMF (DMF at 150 °C). ....................................................................79 
Table 1.16: Suzuki coupling of a few heterogeneous catalysts using Et3N or Na2CO3; 
Reaction conditions: Pd (2 mol%), μw-oven assisted reactions (26-89 
°C). ....................................................................................................79 
Table 2.1: Selected bond distances and angles of 2. ..............................................93 
Table 2.2: Suzuki-Miyaura biaryl coupling of aryl iodides by 1 and 2; Reaction 
conditions: aryl iodide (0.216 mmol), phenylboronic acid (0.259 mmol), 
K2CO3 (0.647 mmol), 1 or 2 (1.0 mol % Pd), solvent (a-toluene, b-




Table 2.3: Suzuki-Miyaura biaryl coupling of aryl bromides by 1 and 2; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 1 or 2 (1.0 mol % Pd), solvent (a-toluene, 
b-CH2Cl2, c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored for 
conversion by GC. 
a 
0.1 mol % Pd. ...................................................98 
Table 2.4: Suzuki-Miyaura biaryl coupling of aryl chlorides by 1 and 2; Reaction 
conditions: aryl chloride (0.357 mmol), phenylboronic acid (0.429 
mmol), K2CO3 (1.07 mmol), 1 or 2 (1.0 mol % Pd), solvent (a-toluene, 
b-CH2Cl2, c-H2O; 3.0 mL), 40 °C, 48h; all reactions were monitored by 
GC.
 a 
2.0 mol% Pd  
b 
79.3% selectivity for bifunctionalized homo-
coupled biaryl product. ...................................................................100 
Table 2.5: Recyclability of 1 and 2 in Suzuki-Miyaura biaryl coupling of the p-
bromobenzaldehyde supernatant (sup) and precipitate (ppt); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid 
(0.324 mmol), K2CO3 (0.811 mmol), Pd (1 mol%), solvent (a-toluene, b-
CH2Cl2, c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored by 
GC. 
a
 % Pd of supernatant and precipitate determined by ICP-MS. 
b
p-
bromobenzaldehyde (0.270 mmol), phenylboronic acid (0.324 mmol), 
K2CO3 (0.811 mmol), H2O (3.0 mL), Pd-PVP (0.537 mmol), 40 °C, 20 
h.......................................................................................................103 
Table 2.6: Rate constants for 1 and 2 for p-bromobenzaldehyde in H2O; Reaction 
conditions: p-bromobenzaldehyde (3.24 mmol), phenylboronic acid 
(3.89 mmol), K2CO3 (9.73 mmol), H2O (15.0 mL), 40 °C; all reactions 
were monitored by GC. ...................................................................107 
xvi 
 
Figure 2.7: Conversion of p-bromobenzaldehyde with phenylboronic acid as a 
function of time for Suzuki-Miyaura cross-coupling reactions by 1 and 2 
at 40 °C with 0.10, 0.25, and 0.50 mol % catalyst loading in H2O; all 
reactions were monitored by GC. ...................................................107 
Table 2.7: Rate constants of 1 and 2 for p-bromobenzaldehyde; Reaction conditions: 
p-bromobenzaldehyde (3.24 mmol), phenylboronic acid (3.89 mmol), 
K2CO3 (9.73 mmol), solvent (a-toluene, b-CH2Cl2, c-H2O; 15.0 mL); all 
reactions were monitored by GC. ...................................................109 
Table 2.8: Activation energies for 1 and 2 for p-bromobenzaldehyde; Calculated from 
the slope of the Arrhenius plots in Figures 2.18-19. .......................115 
Table 2.9: Rate constants of 1 and 2 of p-chlorobenzaldehyde in H2O; Reaction 
conditions: p-chlorobenzaldehyde (4.28 mmol), phenylboronic acid 
(5.14 mmol), K2CO3 (12.86 mmol), H2O (15.0 mL); all reactions were 
monitored by GC. 
a
mol %. ..............................................................118 
Table 2.10: Rate constants for 2 using p-chlorobenzaldehyde in H2O; Reaction 
conditions: p-chlorobenzaldehyde (4.28 mmol), phenylboronic acid 
(5.14), K2CO3 (12.86 mmol), H2O (15.0 mL), 40 °C; all reactions were 
monitored by GC.............................................................................125 
Table 3.1: Selected bond distances and angles for 3 and 4. .................................135 
Table 3.2: Suzuki-Miyaura biaryl coupling of aryl iodides by 3 and 4; Reaction 
conditions: aryl iodide (0.216 mmol), phenylboronic acid (0.259 mmol), 
K2CO3 (0.647 mmol), 3 or 4 (1.0 mol % Pd), solvent (a-toluene, b-




Table 3.3: Suzuki-Miyaura biaryl coupling of aryl bromides by 3 and 4; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 3 or 4 (1.0 mol % Pd), solvent (a-toluene, 
b-CH2Cl2, c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored for 
conversion by GC. ..........................................................................139 
Table 3.4: Suzuki-Miyaura biaryl coupling of aryl chlorides by 3 and 4; Reaction 
conditions: aryl chloride (0.357 mmol), phenylboronic acid (0.429 
mmol), K2CO3 (1.07 mmol), 3 or 4 (1.0 mol % Pd), solvent (a-toluene, 
b-CH2Cl2, c-H2O; 3.0 mL), 40 °C, 48h; all reactions were monitored by 
GC. ..................................................................................................141 
Table 3.5: Recyclability of 3 and 4 in Suzuki-Miyaura biaryl coupling of the p-
bromobenzaldehyde supernatant (sup) and precipitate (ppt); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid 
(0.324 mmol), K2CO3 (0.811 mmol), Pd (1 mol%), solvent (a-toluene, b-
CH2Cl2, c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored by 
GC. 
a
 % Pd of supernatant and precipitate determined by ICP-MS. 
b
 p-
bromobenzaldehyde (0.270 mmol), phenylboronic acid (0.324 mmol), 
K2CO3 (0.811 mmol), H2O (3.0 mL), Pd-PVP (0.537 mmol), 40 °C, 20 
h.......................................................................................................143 
Table 4.1: IR peak assignments for APTES@SiO2, Imidazolium@SiO2 (A-V), and 
(NHC)PdCl2(PPh3)@SiO2 (5). ........................................................157 
xviii 
 
Table 4.2: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 5 (1.0 mol% Pd), solvent (a-toluene, b-
CH2Cl2, c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored for 
conversion by GC. ..........................................................................160 
Table 4.3: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 5 (5.0 mol% Pd), solvent (CH2Cl2; 3.0 
mL), 40 °C, 20 h; all reactions were monitored for conversion by GC.
.........................................................................................................161 
Table 4.4: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 5 (5.0 mol% Pd), solvent (toluene; 3.0 
mL), 65 °C, 20 h; all reactions were monitored for conversion by GC.
.........................................................................................................162 
Table 4.5: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 5 (5.0 mol% Pd), solvent (a-toluene, c-
H2O; 3.0 mL), 100 °C, 20 h; all reactions were monitored for conversion 
by GC. .............................................................................................163 
xix 
 
Table 4.6: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 5 (10.0 mol% Pd), solvent (a-toluene, c-
H2O; 3.0 mL), 100 °C, 20 h; all reactions were monitored for conversion 
by GC. .............................................................................................164 
Table 4.7: Suzuki-Miyaura biaryl coupling of p-bromobenzaldehyde by SiO2, 
APTES@SiO2 or A-V; Reaction conditions: aryl bromide (0.270 mmol), 
phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), compound 
(10.0 mol% Pd), solvent (a-toluene, b-THF, c-H2O; 3.0 mL), 100 °C, 20 
h; all reactions were monitored for conversion by GC. ..................165 
Table 4.8: Suzuki-Miyaura biaryl coupling of aryl iodides by 5; Reaction conditions: 
aryl iodide (0.216 mmol), phenylboronic acid (0.259 mmol), K2CO3 
(0.647 mmol), 5 (10.0 mol% Pd), solvent (a-toluene, c-H2O; 3.0 mL), 40 
°C, 20 h; all reactions were monitored by GC. ...............................166 
Table 4.9: Suzuki-Miyaura coupling by 5; Reaction conditions: aryl bromide (0.270 
mmol), phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), 5 (10.0 
mol% Pd), solvent (a-toluene, c-H2O; 3.0 mL), 40 °C, 20 h; all reactions 
were monitored for conversion by GC. ...........................................167 
Table 4.10: Suzuki-Miyaura biaryl coupling of aryl chlorides by 5; Reaction 
conditions: aryl chloride (0.357 mmol), phenylboronic acid (0.429 
mmol), K2CO3 (1.07 mmol), 5 (10.0 mol% Pd), solvent (a-toluene, c-
H2O; 3.0 mL), 40 °C, 48h; all reactions were monitored by GC. ...169 
xx 
 
Table 4.11: Recyclability of 5 in Suzuki-Miyaura biaryl coupling of the p-
bromobenzaldehyde supernatant (sup) and precipitate (ppt); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid 
(0.324 mmol), K2CO3 (0.811 mmol), Pd (10 mol%), solvent (a-toluene, 
c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored by GC. 
a
 % 
Pd of supernatant and precipitate determined by ICP-MS. 
b
p-
bromobenzaldehyde (0.270 mmol), phenylboronic acid (0.324 mmol), 
K2CO3 (0.811 mmol), H2O (3.0 mL), Pd-PVP (0.537 mmol), 40 °C, 20 
h.......................................................................................................170 
Table 4.12: Recyclability of 5 in Suzuki-Miyaura biaryl coupling of the p-
bromobenzaldehyde supernatant (sup) and precipitate (ppt); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid 
(0.324 mmol), K2CO3 (0.811 mmol), Pd (10 mol%), solvent (toluene, 
H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored by GC. ..172 
Table 4.13: IR peak assignments for APTES@SiO2, Imidazolium@SiO2 (B-V), and 
(NHC)PdCl2(PPh3)@SiO2 (6). ........................................................175 
Table 4.14: Suzuki-Miyaura biaryl coupling of aryl bromides by 6; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 6 (5.0 mol% Pd), solvent (toluene; 3.0 




Table 4.15: Suzuki-Miyaura biaryl coupling of aryl bromides by 6; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 6 (10.0 mol% Pd), solvent (toluene; 3.0 
mL), 100 °C, 20 h; all reactions were monitored for conversion by GC.
.........................................................................................................178 
Table 4.16: Optimization of 5 in N-methyl-2-pyrrolidone (NMP), tetrahydrofuran 
(THF), dimethoxyethane (DME), and ethanol:water (EtOH:H2O 1:1); 
Reaction conditions: p-bromobenzaldehyde (0.270 mmol), 
phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), 5 (10 mol%), 
solvent (3.0 mL), 100 °C, 20 h; all reactions were monitored by GC.179 
Table 4.17: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 5 (10.0 mol % Pd), THF (3.0 mL), 80 °C, 
48 h; all reactions were monitored for conversion by GC. .............180 
Table 4.18: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction 
conditions: aryl chloride (0.357 mmol), phenylboronic acid (0.429 
mmol), K2CO3 (1.07 mmol), 5 (10.0 mol % Pd), THF (3.0 mL), 80 °C, 
48h; all reactions were monitored by GC. ......................................181 
Table A1:  Crystal data and structure refinement for 2. ......................................192 
Table A2:  Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for 2.  U(eq) is defined as one third of the trace of 
the orthogonalized Uij tensor. .........................................................196 
Table A3:   Bond lengths [Å] and angles [°] for 2. ..............................................207 
xxii 
 
Table A4:  Anisotropic displacement parameters (Å2x 10
3
) for 2.  The anisotropic 
displacement factor exponent takes the form: -
h k a* b* U12].................................................................................211 
Table A5:  Torsion angles [°] for 2. .....................................................................217 
Table A6:  Crystal data and structure refinement for 3. ......................................218 
Table A7:  Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for 3.  U(eq) is defined as one third of the trace of 
the orthogonalized Uij tensor. .........................................................219 
Table A8:   Bond lengths [Å] and angles [°] for 3. Symmetry transformations used to 
generate equivalent atoms:  #1 -x,y,-z+1/2    #2 -x+1/2,-y,z    #3 -x+0,-
y+1/2,z. ...........................................................................................221 
Table A9:   Anisotropic displacement parameters (Å2x 103)for 3.  The anisotropic 
displacement factor exponent takes the form: - 2[ h2a*2U11 + ... + 2 
h k a* b* U12].................................................................................222 
Table A10:  Torsion angles [°] for 3. Symmetry transformations used to generate 
equivalent atoms: #1 -x,y,-z+1/2    #2 -x+1/2,-y,z    #3 -x+0,-y+1/2,z.
.........................................................................................................223 
Table A11:  Crystal data and structure refinement for 4. ....................................224 
Table A12:  Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for 4.  U(eq) is defined as one third of the trace of 
the orthogonalized Uij tensor. .........................................................226 
Table A13:   Bond lengths [Å] and angles [°] for 4. Symmetry transformations used 
to generate equivalent atoms: #1 -x+1,-y,-z....................................230 
xxiii 
 
Table A14:   Anisotropic displacement parameters (Å2x 103)for 4.  The anisotropic 
displacement factor exponent takes the form: - 2[ h2a*2U11 + ... + 2 
h k a* b* U12 ]................................................................................232 
Table A15:  Torsion angles [°] for 4. Symmetry transformations used to generate 
equivalent atoms: #1 -x+1,-y,-z. .....................................................234 
xxiv 
 
List of Figures 
Figure 1.1: The rate determining step of the Suzuki-Miyaura reaction is determined 
by the ratio of the concentration of the hydroxide ion to the 
phenylboronic acid. .............................................................................8 
Figure 1.2: The structure of the antibiotic Vancomycin synthesized by Nicolaou et al.
...........................................................................................................12 
Figure 1.3: The molecular orbital diagram of PR3; R = C, N, O, F derived by Dias et 
al. ......................................................................................................18 
Figure 1.4: Two illustrations of cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)-
cyclopentane, Tedicyp. .....................................................................22 
Figure 1.5: Common dialkylbiarylphosphine ligands with their associated monikers.
...........................................................................................................24 
Figure 1.6: A concise summary of the benefits of dialkylbiarylphosphine ligands in 
the Suzuki-Miyaura cross-coupling reaction presented by Buchwald et 
al. ......................................................................................................26 
Figure 1.7: (a) Bicyclic triaminophosphine ligand presented by Urgaonkar et al. (b) 
aminophosphine ligand introduced by Cheng et al. (c) 
phosphinoimidazole established by Harkal et al. .............................28 
Figure 1.8: bidentate ligands (a) 1,3-bis(diphenylphosphino)propane (b) cis-1,3-
(Ph2PCH2)2C6H10 (c) 1,4-bis(diphneylphosphino)-1,3-butadiene); R = 
Ph, Me. ..............................................................................................29 
Figure 1.9: Bidentate ligands (a) 2-(2’-dicyclohexylphosphinophenyl)-1,3-dioxolane; 




Figure 1.10: Illustration of PR3 and NHC steric characteristics presented by Fortman 
et al....................................................................................................31 
Figure 1.11: A simple picture of the frontier orbitals involved in three distinct M–
NHC interactions. .............................................................................32 
Figure 1.12: The relative stabilities of three diaminocarbene ligands. ..................33 
Figure 1.13: The first NHC ligands reported by Arduengo et al. ..........................33 
Figure 1.14: Imidazolium salts investigated for activity in the Suzuki coupling 
reaction. .............................................................................................35 
Figure 1.15: Viciu’s (NHC)Pd(allyl)Cl complexes. ..............................................36 
Figure 1.16: Visual representation of buried volume. ...........................................37 
Figure 1.17: Mono- and biscarbene complexes designed by McGuinness et al. ...40 
Figure 1.18: Six active bis(carbene) catalysts synthesized by Fu et al. .................43 
Figure 1.19: Additional trans-NHC-phosphine catalysts presented by Weskamp et al.;     
R = C6H5, 2-(CH3)C6H4, cyclo-C6H11, C(CH3)3. ...............................46 
Figure 1.20: Saturated and unsaturated mixed cis-NHC-PR3 catalysts for Suzuki 
coupling.............................................................................................48 
Figure 1.21: Six new mixed PR3/NHC complexes synthesized for a detailed thermal 
stability study. ...................................................................................49 
Figure 1.22: Two N-heterocyclic carbene-phosphine Pd(II) complexes prepared by 
Xu et al. .............................................................................................50 
Figure 1.23: Structural isomers of cis‒ and trans–(NHC)(PPh3)(Br)2Pd. .............50 




 palladium phosphine species. .........52 
Figure 1.25: The first example of air- and moisture-stable polystyrene-supported 
catalysts for Suzuki coupling. ...........................................................59 
xxvi 
 






-D8, FibreCat-Pd(MeCN) and TunaCat as 
examples of insoluble palladium catalysts. .......................................61 
Figure 1.28: Polymer-bound phosphine, PS-Pd(0). ...............................................62 
Figure 1.29: Polymer-supported dialkylphosphinobiphenyl ligands. ....................63 
Figure 1.30: Monomethyl polyethyleneglycol-supported dialkylphosphinobiphenyl 
and MeOPEG–BnP–(1–Ad)2 ligands presented by Plenio et al. ......64 
Figure 1.31: Poly(methyl)styrene-supported BnP–(1–Ad)2 ligand system presented by 
Plenio et al.. ......................................................................................64 
Figure 1.32: Heterogeneous NHC‒Pd catalysts presented by Schwarz et al. (left) and 
Byun et al (right). ..............................................................................66 
Figure 1.33: Polystyrene-supported NHC‒Pd catalyst reported by Lee et al. .......67 
Figure 1.34: Bis(NHC)–Pd catalysts synthesized from theobromine. ...................67 
Figure 1.35: Silica-supported cis-phosphine-palladium heterogeneous catalyst. ..70 
Figure 1.36: Silica-supported trans-phosphine-palladium heterogeneous catalyst.70 
Figure 1.37: Five organic-functionalized silica materials with various palladium-silica 
linkers. ...............................................................................................71 
Figure 1.38: The first example of an NHC‒silica ligand. ......................................72 
Figure 1.39: Silica-imidazoline-palladium complex active for aryl chlorides. .....73 
Figure 1.40: Pd-NHC-silica complex described by Gürbüz et al. .........................74 
Figure 1.41: (a) cis-Pd-NHC-silica complex presented by Karimi (b) trans-Pd-NHC-
silica complex presented by Aksin. ..................................................75 
xxvii 
 
Figure 1.42: Illustration of several palladium complexes anchored to a silica particle 
as reported by Lee et al. ....................................................................76 
Figure 1.43: NHC-Pd-OSO2R heterogeneous catalysts active for both the Suzuki and 
Heck reactions. ..................................................................................77 
Figure 1.44: Pd(OAc)2-BOX-MPSG catalyst presented by Gruber-Woelfler et al.78 
Figure 1.45: Polystyrene-supported palladium catalysts for the Suzuki reaction. .80 
Figure 1.46: 3-D Pd-phosphine network reported by Yamada and Uozimi et al. .81 
Figure 1.47: PS‒PEG‒NHC‒Pd complex synthesized by Kim et al. ....................82 
Figure 2.1: Crystal structure of 2. ..........................................................................92 
Figure 2.2: Absorption spectrum of 1 in CH2Cl2 with with ʎmax = 308 nm.  Beer’s law 
was used to determine ε from a calibration curve created with ten data 







= 0.9918). ..........................................................................................94 
Figure 2.3: The absorption spectrum of 2 in CH2Cl2 with ʎmax = 309 nm.  Beer’s law 
was used to determine ε from a calibration curve created with ten data 







= 0.9997). ..........................................................................................94 
Figure 2.4: TEM images of Pd-PVP (50 nm scale). ............................................105 
Figure 2.5: TEM images of Pd-PVP (100 nm scale). ..........................................105 
Figure 2.6: Particle size distribution of Pd-PVP. .................................................106 
Figure 2.8: Conversion of p-bromobenzaldehyde with phenylboronic acid as a 
function of time in Suzuki-Miyaura coupling by catalyst 2 at 40˚C with 
0.05 mol% catalyst loading (k
2
 = 0.8427).......................................108 
xxviii 
 
Figure 2.9: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki-Miyaura coupling by 0.5 mol % of 1 at 30 °C. ..109 
Figure 2.10: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki-Miyaura coupling by 0.5 mol % of 1 at 35 °C. ..110 
Figure 2.11: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki-Miyaura coupling by 0.5 mol % of 1 at 40 °C. ..110 
Figure 2.12: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki-Miyaura coupling by 0.5 mol % of 2 at 30 °C. ..111 
Figure 2.13: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki-Miyaura coupling by 0.5 mol % of 2 at 35 °C. ..111 
Figure 2.14: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki-Miyaura coupling by 0.5 mol % of 2 at 40 °C. ..112 
Figure 2.15: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki-Miyaura coupling by 0.5 mol % of 1 and 2 at 30 °C. A 
comparison of total conversion and coupling selectivity (solid versus 
open bars). .......................................................................................112 
Figure 2.16: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki coupling by 0.5 mol % of 1 and 2 at 35 °C. A 
comparison of total conversion and coupling selectivity (solid versus 
open bars). .......................................................................................113 
Figure 2.17: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki coupling by 0.5 mol % of 1 and 2 at 40 °C. A 
comparison of total conversion and coupling selectivity (solid versus 
open bars). .......................................................................................113 
xxix 
 
Figure 2.18: Arrhenius plot for the activation of p-bromobenzaldehyde by 1 in 
toluene, CH2Cl2, and H2O. ..............................................................115 
Figure 2.19: Arrhenius plot for the activation of p-bromobenzaldehyde by 2 in 
toluene, CH2Cl2, and H2O. ..............................................................116 
Figure 2.20: Conversion of p-chlorobenzaldehyde with phenylboronic acid as a 
function of time in Suzuki-Miyaura coupling by catalysts 1 at 40 °C in 
H2O. ................................................................................................117 
Figure 2.21: Conversion of p-chlorobenzaldehyde with phenylboronic acid as a 
function of time in Suzuki-Miyaura coupling by catalysts 2 at 40 °C in 
H2O. ................................................................................................117 
Figure 2.22: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 0.5 mol % of 1 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- 
and homo-coupled products, respectively. ......................................119 
Figure 2.23: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 1.0 mol % of 1 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- 
and homo-coupled products, respectively. ......................................119 
xxx 
 
Figure 2.24: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 1.5 mol % of 1 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- 
and homo-coupled products, respectively. ......................................120 
Figure 2.25: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 0.5 mol % of 2 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- 
and homo-coupled products, respectively. ......................................120 
Figure 2.26: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 1.0 mol % of 2 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- 
and homo-coupled products, respectively. ......................................121 
Figure 2.27: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 35 °C with 0.25 mol % of 2 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- 
and homo-coupled products, respectively. ......................................121 
xxxi 
 
Figure 2.28: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 30 °C with 0.25 mol % of 2 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- 
and homo-coupled products, respectively. ......................................122 
Figure 2.29: Reaction of p-chlorobenzaldehyde with phenylboronic acid as a function 
of time for Suzuki-Miyaura coupling at 40 °C with 0.5 and 1.0 mol % of 
1 in H2O. .........................................................................................123 
Figure 2.30: Reaction of p-chlorobenzaldehyde with phenylboronic acid as a function 
of time for Suzuki-Miyaura coupling at 40 °C with 0.5 and 1.0 mol % of 
2 in H2O. .........................................................................................123 
Figure 2.31: Conversion of p-chlorobenzaldehyde as a function of time in Suzuki-
Miyaura coupling at 40 °C in H2O with 0.5 mol % of 2 under varying 
conditions of phenylboronic acid and K2CO3 (legend denotes 
stoichiometric equivalents of phenylboronic acid : K2CO3). ..........124 
Figure 2.32: Suzuki-Miyaura coupling of p-chlorobenzaldehyde with phenylboronic 
acid as a function of time using 0.25 mol % of 2 at 24, 30, 35, and 40 °C 
in H2O. ............................................................................................124 
Figure 2.33: Arrhenius plot for the activation of p-chlorobenzaldehyde by 2 in H2O.
.........................................................................................................125 
Figure 3.1: Crystal structure of 3 showing the mean plane angle of 46.3° through two 
different orientations. ......................................................................134 
Figure 3.2: Crystal structure of 4 showing the mean plane angle of 0.2° through two 
different orientations. ......................................................................134 
xxxii 
 
Figure 3.3: The absorption spectrum of 3 in dichloromethane with ʎmax = 293 nm.  
Beer’s law was used to determine the molar absorptivity from a 
calibration curve created with ten data points in 10 μL increments 






 = 0.998). .................136 
Figure 3.4: The absorption spectrum of 4 in dichloromethane with ʎmax = 295 nm.  
Beer’s law was used to determine the molar absorptivity from a 
calibration curve created with ten data points in 10 μL increments 






 = 0.9415). ...............136 
Figure 4.1: Metallopolymer based on bifunctional BIAN ligand based on the 3-D 
polymer presented by Karimi et al..................................................152 
Figure 4.2: Design of 1-D metal organic polymer of Pd(II) BIAN species 
incorporating organic linkers. .........................................................153 
Figure 4.3: Design of asymmetrical silica-anchored BIAN catalyst. ..................154 
Figure 4.4: Design of silica-anchored catalyst using the BIAN backbone. .........154 
Figure 4.5: UV-vis spectra of (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 
(A-V, light grey), and (NHC)PdCl2(PPh3)@SiO2 (5, black). .........157 
Figure 4.6: TGA for (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 (A-V, 
light grey), and (NHC)PdCl2(PPh3)@SiO2 (5, black).....................158 
Figure 4.7: Recyclability for (NHC)PdCl2(PPh3)@SiO2 (5) in toluene (grey) and H2O 
(black) over four consecutive trials.................................................172 
Figure 4.8: UV-vis spectra of (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 
(B-V, light grey), and (NHC)PdCl2(PPh3)@SiO2 (6, black). .........175 
Figure 4.9: TGA for (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 (B-V, 
light grey), and (NHC)PdCl2(PPh3)@SiO2 (6, black).....................176 
xxxiii 
 
Figure B1: Absorption spectrum of 1 in dichloromethane with with ʎmax = 308 nm.  
Beer’s law was used to determine the molar absorptivity from a 
calibration curve created with ten data points in 10 μL increments 






 = 0.9918). .................235 
Figure B2: The absorption spectrum of 2 in dichloromethane with ʎmax = 309 nm.  
Beer’s law was used to determine the molar absorptivity from a 
calibration curve created with ten data points in 10 μL increments 






 = 0.9997). .................235 
Figure B3: The absorption spectrum of 3 in dichloromethane with ʎmax = 293 nm.  
Beer’s law was used to determine the molar absorptivity from a 
calibration curve created with ten data points in 10 μL increments 






 = 0.998) ..................236 
Figure B4: The absorption spectrum of 4 in dichloromethane with ʎmax = 295 nm.  
Beer’s law was used to determine the molar absorptivity from a 
calibration curve created with ten data points in 10 μL increments 






 = 0.9415) ................236 
Figure B5: UV-vis spectra of (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 
(A-V, light grey), and (NHC)PdCl2(PPh3)@SiO2 (5, black) ..........237 
Figure B6: UV-vis spectra of (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 
(B-V, light grey), and (NHC)PdCl2(PPh3)@SiO2 (6, black) ..........237 
Figure C1: 
1
H NMR of 1 ......................................................................................238 
Figure C2: 
13
C NMR of 1.....................................................................................239 
Figure C3: 
31
P NMR of 1 .....................................................................................240 
Figure C4: 
1





C NMR of 2.....................................................................................242 
Figure C6: 
31
P NMR of 2 .....................................................................................243 
Figure C7: 
1
H NMR of 3 ......................................................................................244 
Figure C8: 
13
C NMR of 3.....................................................................................245 
Figure C9: 
1
H NMR of 4 ......................................................................................246 
Figure C10: 
13
C NMR of 4...................................................................................247 
xxxv 
 
List of Schemes 
Scheme 1.1: The original Suzuki-Miyaura cross-coupling reaction. .......................1 
Scheme 1.2: A generic Suzuki-Miyaura cross-coupling reaction. ...........................2 
Scheme 1.3: A generic Suzuki-Miyaura cross-coupling mechanism. .....................3 
Scheme 1.4: Generic representation of Nobel Prize winning cross-coupling reactions.
.......................................................................................................4 
Scheme 1.5: Four postulated transmetallation steps for the original Suzuki 
mechanism; R = alkyl, H and L = PPh3 for A and B; R = H and L = 
PPh3, PR"3 for C and D. ................................................................5 
Scheme 1.6: Generic reaction of aryl halides with phenylboronic acids reported by 
Amatore and co-workers. ..............................................................6 
Scheme 1.7: The Suzuki-Miyaura mechanism involving the base OH
- 
devised by 
Amatore et al. (L = PPh3). ............................................................7 





 as proposed by Amatore et al. (L = PPh3). .............................9 





 as presented by Amatore et al. (L = PPh3). ....10 
Scheme 1.10: The homo-coupled mechanism of the Suzuki-Miyaura reaction devised 
by Amatore et al. (L = PPh3). .....................................................11 
Scheme 1.11: The eleventh step in the total synthesis of Vancomycin is the Suzuki 
coupling of an asymmetrical aryl iodide with a functionalized 
boronic acid.  The reaction mixture was heated to 90 °C for 2 h and 
the products were isolated in a combined 80% yield. .................12 
xxxvi 
 
Scheme 1.12: The Suzuki cross-coupling reaction was heated at reflux for 0.5-18 h, 
thereby affording the asymmetrical product in 83% yield. .........13 
Scheme 1.13: The Suzuki cross-coupling reaction was heated overnight at 100 °C, 
thereby affording the hetero-coupled product in 74% yield. ......13 
Scheme 1.14: The Suzuki cross-coupling reaction was heated to reflux for 5 h, 
thereby affording the trisubstituted imidazole in 68% yield. ......14 
Scheme 1.15: The Suzuki cross-coupling reaction was heated to reflux for 4 h, 
thereby affording the luminescent imidazopyrazine system in 96% 
yield.............................................................................................15 
Scheme 1.16: The direct synthesis of the desired hetarylene building block presented 
by Manickam and Schlüter utilizing two Suzuki and one Stille cross-
coupling reactions. ......................................................................16 
Scheme 1.17: Synthesis of a generic trisubstituted-dialkylbiarylphosphine ligand.24 
Scheme 1.18: Reaction conditions: 1 mol% Pd, 4 mol% ligand, toluene, 90 °C, 16 h, 
K3PO4 or CsF. .............................................................................27 
Scheme 1.19: The first Suzuki reaction carried out with an NHC ligand (80 °C, 1.5 h).
.....................................................................................................34 
Scheme 1.20: Unique Suzuki coupling of m-chloropyridine with (NHC)Pd(allyl)Cl.
.....................................................................................................37 
Scheme 1.21: Suzuki coupling with (NHC)Pd(allyl)Cl reported by Navarro et al.; 
Reaction conditions: 80 °C, 20 min. ...........................................39 
Scheme 1.22: Suzuki-Miyaura coupling optimized by Böhm et al. for aryl chlorides; 
R = Mes, t–Bu, i‒Pr, Cy. .............................................................41 
xxxvii 
 
Scheme 1.23: Asymmetric catalyst for Suzuki-Miyaura coupling developed by Lebel 
et al..............................................................................................42 
Scheme 1.24: The first stable mixed PR3/NHC complexes; R = Me, Et, p-ClC6H4, p-
CH3OC6H4...................................................................................44 
Scheme 1.25: The trans-NHC-phosphine ligand presented by Weskamp et al. ...45 
Scheme 1.26: The first example of coupling an unactivated aryl chloride with 
phenylboronic acid at room temperature. ...................................47 
Scheme 1.27: Suzuki coupling of bromobenzene with phenylboronic acid in an 
imidazolium ionic liquid. ............................................................51 
Scheme 1.28: Aqueous-phase Suzuki coupling presented by Shaughnessy et al. .55 
Scheme 1.29: Ultrasound assisted syntheses of polystyrene-tethered Pd(II) catalysts.
.....................................................................................................60 
Scheme 1.30: Synthesis of Yamada’s self-assembled palladium non-cross-linked 
amphiphilic copolymer. ..............................................................65 
Scheme 1.31: Grating vs. sol-gel method for the synthesis of supported imidazolium 
salts presented by Ranganath et al. .............................................68 
Scheme 1.32: Synthesis of a bidentate phosphine ligand tethered to silica. ..........69 
Scheme 1.33: Homeopathic mechanism presented by De Vries et al. ..................86 
Scheme 1.34: Mechanism of the cocktail of molecular complexes, metal clusters, and 
metal nanoparticles as presented by Ananikov et al. ..................87 
Scheme 2.1: Syntheses of palladium catalysts 1 and 2. .........................................92 
Scheme 3.1: Syntheses of BIAN palladium catalysts 3 and 4. ............................133 
Scheme 4.1: (a) Synthesis of silica-anchored BIAN palladium catalyst 5 (b) Synthesis 
of functionalized silica. .............................................................156 
xxxviii 
 
Scheme 4.2: (a) Synthesis of silica-anchored BIAN palladium catalyst 6 (b) Synthesis 
of functionalized silica. .............................................................174 
1 
 
Chapter 1:  Suzuki-Miyaura Coupling:  a broad overview of 
homogeneous and heterogeneous Suzuki-Miyaura cross-coupling catalysis 
1.1 INTRODUCTION 
1.1.1 History 
The Suzuki-Miyaura cross-coupling reaction was first published in 1979. This 
publication described the synthesis of a few conjugated dienes using palladium 
tetrakis(triphenylphosphine) as the catalyst (Scheme 1.1).
1
 At the time, this reaction was 
unique since the coupling of alkenylboranes with alkenyl halides had yet to be 
accomplished without the addition of stoichiometric amounts of an organometallic 
species (e.g. Rh, Ir, etc.). Furthermore, an aqueous solution of sodium hydroxide in THF 
or sodium ethoxide in ethanol was added to assist in the stereo- and regioselectivity of the 
catalyst. It was also discovered that the reaction would not proceed without the presence 
of a base to promote the cross-coupling reaction. The reaction was further optimized by 
using 1 mol% catalyst loading relative to the alkenyl halide in the presence of a slight 
excess of the organoborane. Ultimately, Suzuki et al. concluded this work with the 
speculation that this technique may someday be applicable to allyl, benzyl, and aryl 
halides.   
 
 
Scheme 1.1: The original Suzuki-Miyaura cross-coupling reaction. 
Subsequently, the previous reaction conditions have been extended to include 
functionalized starting materials (both organoboranes and halogenated reagents) and new 
2 
 
palladium catalysts in order to form symmetrical and asymmetrical biaryls.
2
 A generic 
Suzuki-Miyaura cross-coupling reaction is presented in Scheme 1.2. These homogeneous 
catalysts (ArPd) were typically four-coordinate square planar complexes with phosphine-
type ligands.
3
 More recent research has shown that the substitution of phosphine ligands 
by N-heterocyclic carbenes (NHC) permits less ligand-to-metal π-backbonding, thus 
increasing the stabilities of the resulting complexes. In turn, the lack of π-backbonding 
from the metal to the NHC ligands results in less metal-ligand degradation than those of 
the analogous phosphine ligands. This was an extremely desirable characteristic from the 
point of view of cross-coupling reactions.
4
 Originally, these catalysts were only capable 
of activating aryl iodides and aryl bromides. However, eventually new catalysts were 
developed that were capable of activating aryl chlorides.
5
 This development was 
particularly noteworthy since the chlorinated reagents are more abundant and less 
expensive than the corresponding brominated and iodinated analogs. On the other hand, 
the former typically have a larger bond dissociation energy, thus requiring an efficient 





Scheme 1.2: A generic Suzuki-Miyaura cross-coupling reaction. 
The role of the palladium catalyst was examined meticulously and resulted in the 
development of the generic catalytic cycle presented in Scheme 1.3.
4
 The palladium 
species typically undergoes oxidative addition of an aryl/alkenyl halide followed by 
transmetallation with an organoborane. The final step is generally the reductive 
3 
 
elimination of the hetero-coupled product.  Interestingly, the role of the base was not 





Scheme 1.3: A generic Suzuki-Miyaura cross-coupling mechanism. 
In less than forty years, the Suzuki-Miyaura cross-coupling reaction has become 
one of the most convenient methods for the creation of C–C bonds. Indeed, this reaction 
has become the focus of a large number of research groups, since it is a simple, yet very 
efficient chemical reaction. Moreover, an array of substrates, bases, ligands and transition 
metals have been used successfully in this cross-coupling reaction. Not surprisingly, 
Akira Suzuki (University of Hokkaido), Ei-ichi Negishi (Purdue University) and Richard 
Heck (University of Delaware) were jointly awarded the Nobel Prize in Chemistry for 
their work on C–C bond formation, using a palladium catalyst (Scheme 1.4).
8
 Subsequent 
research has been focused on performing coupling reactions in green solvents such as 
ethanol or water using a heterogeneous catalyst. Typically, these heterogeneous catalysts 
consist of an optimal homogenous catalyst that has been anchored to an appropriate solid 
support. Ideally, the heterogeneous catalyst can be extracted from the resulting reaction 






Scheme 1.4: Generic representation of Nobel Prize winning cross-coupling reactions.  
1.1.2 Mechanism 
In their initial publication Suzuki and Miyaura asserted that the presence of a base 
was absolutely necessary for the cross-coupling reaction to occur.
1
 In the years following 
this unusual proclamation, the catalytic cycle has been systematically investigated by a 
large number of research groups.
9–14
 Originally, Suzuki et al. postulated that the first step 
of the mechanism involved the oxidative addition of the aryl halide to produce trans-
[Pd(Ar)(L)2X]. The formation of this four-coordinate square planar Pd(II) species was 
generally accepted in the scientific community. However, the precise details of the 
mechanism became a topic of vigorous debate. Four separate mechanisms for this 







Scheme 1.5: Four postulated transmetallation steps for the original Suzuki mechanism; R 
= alkyl, H and L = PPh3 for A and B; R = H and L = PPh3, PR"3 for C 
and D. 
Suzuki et al. suggested pathway A, in which the palladium intermediate species 
trans–[Pd(Ar)(L)2X] underwent reaction with an organoborane (Ar'B(OH)2) to form a 
trans–[Pd(Ar)(L)2(Ar')] product.
16
 However, these authors also hypothesized an 
additional pathway B, in which the organoborane was treated with an alkoxide (RO
–
, R = 
Me, Et) to generate Ar'B(OH)2(OR
–
) prior to undergoing transmetallation.
17
 At this time, 
it was believed that the anionic phenylboronic acid was more reactive than the 
corresponding neutral species during the transmetallation process. Moreover, Suzuki et 
al. followed these two proposals by suggesting pathway D, in which it was shown that an 
X/OR exchange occurred with trans–[Pd(Ar)(L)2X] to afford trans–[Pd(Ar)(L)2(OR)]. 
The latter newly formed palladium complex then underwent transmetallation with 
Ar'B(OH)2(OR
–
), ultimately producing the desired trans–[Pd(Ar)(L)2(Ar')] intermediate. 










Interestingly, Braga et al. published DFT calculations that revealed the existence of 
competing pathways (B and C) when OH
‒ 
was employed as the base.
20
 In the case of 





whereas [Pd(OH)(L)2(Ph)] (L = PH3) reacted with PhB(OH)2 via pathway C.
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Regardless of the particular pathway, trans–[Pd(Ar)(L)2(Ar')] always rearranged to form 
cis‒[Pd(Ar)(Ar')(L)2], followed by reductive elimination of the anticipated hetero-
coupled Ar–Ar' product. The catalyst was generally believed to complete the catalytic 
cycle as Pd(0) in the form of [Pd
0
(L)2].  
Consideration of pathways A–D was finally concluded when Amatore and co-
workers began focusing on the coupling of aryl halides with organoboranes (Scheme 
1.6). Remarkably, the majority of the scientific advances in this field have been 
performed by his research group in the past five years.
7,23–26
 In 2009, Amatore et al. 
initiated an investigation of the role of the base in the Suzuki-Miyaura reaction 
mechanism. On the basis of concrete kinetic data, Amatore et al. were able to support 
their views on the rate determining step.  
 
 
Scheme 1.6: Generic reaction of aryl halides with phenylboronic acids reported by 
Amatore and co-workers. 
By means of kinetic experiments, Amatore et al. has developed a new and 
currently accepted Suzuki-Miyaura mechanism.
7
 In this work, [nBu4N]OH was employed 
as the base, and thereby three separate roles of the newly-formed hydroxide ions were 
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observed (Scheme 1.7). The initial role of the anion was to assist the formation of the 
trans–[(Ar)Pd(OH)(PPh3)2], thereby forming a more reactive intermediate for subsequent 
transmetallation with Ar'B(OH)2. Interestingly, the hydroxide ion unexpectedly promoted 




Scheme 1.7: The Suzuki-Miyaura mechanism involving the base OH
- 
devised by 
Amatore et al. (L = PPh3). 
Although the hydroxide anion assisted in two of the major steps in the cross-
coupling reaction, the anion unfortunately had a notable adverse impact on the Suzuki-
Miyaura catalytic cycle. The hydroxide ion rapidly formed Ar'B(OH)3
–
, which is a 
particularly unreactive type of phenylboronic acid. The same product was originally 
believed by Suzuki to be the more desirable form of organoborane. However, Amatore et 
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al. reported that this competitive cycle adversely affected the rate of reaction. In all the 
cases studied, the rate determining step was found to be the reaction of trans–
[(Ar)Pd(OH)(PPh3)2] with ArB'(OH)2 and can be calculated by the ratio of [OH
‒
] and 
[Ar'B(OH)2] (Figure 1.1). Interestingly, the rate of transmetallation was slightly slower 
than the corresponding rate of reductive elimination. On the other hand, the addition of 
OH
–
 increased this rate of reductive elimination significantly due to the formation of the 
intermediate trans–[(Ar)Pd(Ar')(OH)(PPh3)2].  
 




Figure 1.1: The rate determining step of the Suzuki-Miyaura reaction is determined by 
the ratio of the concentration of the hydroxide ion to the phenylboronic acid. 
Amatore and co-workers intentionally utilized [nBu4N]OH as the base in their 
original kinetic studies to avoid any undesirable interactions between the palladium 
catalyst and the countercation of the base. Nevertheless, within a year, Amatore et al. 
reported a supplementary Suzuki mechanism in order to establish the role of this 
countercation (Scheme 1.8).
27
 It was concluded that the countercation was never directly 
coordinated to a boronic acid. However, it was detected to be in a dynamic equilibrium 
with trans‒[Pd(Ar)(L)2(OH)]. Furthermore, this innovative equilibrium step had a 
decelerating effect on the rate of transmetallation. The most suitable base for the Suzuki 
reaction was established to be [nBu4N]OH, followed in succession by KOH, CsOH, and 











proposed by Amatore et al. (L = PPh3). 
The final investigation by Amatore et al. into the Suzuki reaction mechanism was 
to examine the most commonly used bases Na2CO3 and K2CO3 in order to explore their 
roles in the cross-coupling reaction. It was proposed that in aqueous media or “wet” 
solvents, the carbonate base accepted a proton to form HCO3
‒







 directly influenced the concentration 
of OH
–
, thus inevitably controlling the overall rate of reaction (Figure 1.1). It could be 
argued that the aforementioned mechanism is Amatore’s most significant contribution to 





Scheme 1.9: The Suzuki-Miyaura mechanism using the base CO3
2– 
and the counteraction 
M
+
 as presented by Amatore et al. (L = PPh3). 
As an addendum to the multiple hetero-coupling mechanisms explored by 
Amatore et al., he also investigated the homo-coupling mechanism. It was confirmed that 
the homo-coupled product was derived exclusively from the presence of multiple 
organoboranes and that the catalytic cycle was entirely independent of the presence of the 
aryl halide. Furthermore, the coupling of two phenylboronic acids was found to proceed 





–O2)Pd(L)2] was generated by the addition of dioxygen to the Pd(0) 
species. This step was followed promptly by the activation of one of the Pd–O bonds by 
treatment with an arylboronic acid. However, a second phenylboronic acid was necessary 
to complete the subsequent transmetallation step. In successive steps, the boronic acid 
was displaced by the pertinent OH
‒
, followed by a second transmetallation step with an 
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additional organoborane. The final step consisted of the reductive elimination of the 
homo-coupled biaryl product. 
 
 
Scheme 1.10: The homo-coupled mechanism of the Suzuki-Miyaura reaction devised by 
Amatore et al. (L = PPh3). 
1.1.3 Current Applications 
The Suzuki-Miyaura reaction represents one of the most industrially important 
methods for the generation of C–C bonds. The formation of such bonds is of critical 
importance for the synthesis of both natural products and pharmaceuticals.
28
 Recently, 
Nicolaou et al.  reported the synthesis of Vancomycin, an antibiotic capable of treating 
the penicillin-resistant Staphylococcus Aureus, in which a Suzuki coupling was 
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performed for the asymmetric construction of the bicyclic structure (Figure 1.2).
29
 In this 
case, the parent boronic acid was coupled to the asymmetric aryl iodide to produce a 
single compound with atropisomers. The pertinent step is depicted in Scheme 1.11. 
 
 
Figure 1.2: The structure of the antibiotic Vancomycin synthesized by Nicolaou et al. 
 
Scheme 1.11: The eleventh step in the total synthesis of Vancomycin is the Suzuki 
coupling of an asymmetrical aryl iodide with a functionalized boronic 
acid.  The reaction mixture was heated to 90 °C for 2 h and the products 
were isolated in a combined 80% yield.  
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The preparation of Vancomycin was particularly significant as it was one of the 
first examples of an application for the Suzuki cross-coupling reaction. In the ensuing 
decade, a plethora of novel applications have been developed.
30–34
 The development of 
aryl 2,5-disubstituted pyrroles has been examined extensively, due to their selective 
dopamine D3 receptor antagonist properties. For example, Johnson et al. examined 2-
arylpyrroles that were capable of a one-step conversion to produce 2,5-disubstituted 
pyrroles (Scheme 1.12).
30
 The Boc protecting group was removed by treatment with 
sodium methoxide in methanol at room temperature.  
 
 
Scheme 1.12: The Suzuki cross-coupling reaction was heated at reflux for 0.5-18 h, 
thereby affording the asymmetrical product in 83% yield. 
 Lee and co-workers also pursued the synthesis of 2,5-disubstituted pyrroles with 
bulkier phenylboronic acids (Scheme 1.13). Interestingly, they observed a tandem 
Suzuki-dehydrogenation reaction, in which the Suzuki reaction was immediately 





Scheme 1.13: The Suzuki cross-coupling reaction was heated overnight at 100 °C, 
thereby affording the hetero-coupled product in 74% yield. 
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The Suzuki-Miyaura cross-coupling reactions presented by Johnson and Lee were 
enhanced by Revesz and co-workers for the construction of trisubstituted imidazoles. 
These imidazoles have been found to be invaluable for the natural synthesis of anti-
inflammatory pharmaceuticals. It was determined that the coordination of an anisole 
directly to an imidazole provided optimal reaction conditions (Scheme 1.14).
32
 Revesz 
also noted that the coupling of the aryl bromide with fluorophenylboronic acid would not 
proceed without the SEM (2-(trimethylsilyl)ethoxymethyl) protecting group. Upon 
completion of the reaction, the SEM group was removed by the addition of a 1:1 
EtOH:HClconc mixture at room temperature. 
 
 
Scheme 1.14: The Suzuki cross-coupling reaction was heated to reflux for 5 h, thereby 
affording the trisubstituted imidazole in 68% yield.  
Furthermore, the Suzuki reaction was found to be essential for the production of 
imidazopyrazine ring systems. A significant effort was made to develop such systems due 
to their luminescent properties that are common to those of several marine organisms. 
Jones et al. expanded the scope of the Suzuki reaction by coupling naphthalene-2-boronic 
acid to a functionalized aryl bromide in an ethanol-toluene mixture (Scheme 1.15).
33
 






Scheme 1.15: The Suzuki cross-coupling reaction was heated to reflux for 4 h, thereby 
affording the luminescent imidazopyrazine system in 96% yield.  
Although the previous examples are definitely noteworthy, it can be argued that 
the most significant application of the Suzuki-Miyaura cross-coupling reaction relates to 
Manickam and Schlüter’s modular chemistry. These authors devised a beautiful example 
of a six-step synthesis to produce the hetarylene building block, in which two Suzuki 
coupling reactions were partnered with a Stille reaction. The order of the Suzuki 
couplings was crucial in terms of the overall yields of these targeted building blocks. The 
order of Suzuki reactions displayed in Scheme 1.16 afforded a yield of 63%, while the 
reverse order of Suzuki couplings resulted in only a 16% yield 
34





Scheme 1.16: The direct synthesis of the desired hetarylene building block presented by 
Manickam and Schlüter utilizing two Suzuki and one Stille cross-
coupling reactions. 
1.2 HOMOGENEOUS CATALYSIS 
1.2.1 Ligands 
Prior to the publication of the original Suzuki-Miyaura reaction, Richard Heck 
and Tsutomo Mizoroki separately pioneered the first palladium catalyzed cross-coupling 
reaction of an aryl halide with an olefin to afford a 70% yield of cis/trans isomers.
35,36
 In 
the following year, Heck and Dieck supplemented the reaction with triphenylphosphine, 
which subsequently produced comparable yields of stereospecific alkenes.
37
 It was 
determined that the optimum ratio of phosphine ligand to palladium metal was 2:1, since 
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the use of all other ratios resulted in slower rates. Furthermore, Heck and co-workers 
used triphenyl phosphite, tri-n-butylphosphine, and trimethylolpropane phosphite as 
ligands for their experiments. However, in each case the ligand was found to be less 
selective and significantly slower than triphenylphosphine.  
The modified Heck-Mizoroki reaction presented by Heck and Dieck generated 
significant interest in the field of palladium-catalyzed cross-coupling reactions. One of 
the first variations was accomplished by Sonogashira in the coupling of an aryl halide 
with acetylene.
38
 Although the addition of cuprous iodide was necessary, 
triphenylphosphine was still used as the primary ligand. In 1977, Negishi employed 
triphenylphosphine as a ligand for the coupling of aryl halides with organozinc 
compounds, and shortly thereafter Stille described a similar reaction with organotin 
reagents and aryl halides.
39,40
 Interestingly, Sonogashira, Negishi, and Stille all utilized 
the optimal 2:1 PPh3:Pd ratio that had been first used by Heck. In the following year, 
Suzuki presented the first Suzuki-Miyaura cross-coupling reaction. In this case, four 




1.2.1.1 Phosphine Ligands 
In the years following the original Suzuki publication, a significant number of 
other phosphine ligands have been investigated for their efficacy in the palladium-
catalyzed homogeneous cross-coupling reaction. Tertiary phosphines, PR3, were of 
particular interest due to their ability to be tuned both sterically and electronically by 
changing the R group. Moreover, these phosphine ligands were also able to confer 
stability on the corresponding palladium complexes, (R3P)nM–L. In most cases, this extra 
stability was due to the π-acidity of the phosphine ligands.
41
 Furthermore, Dias and co-
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workers studied the electronic properties of several PR3 ligands, and thereby derived a 
representative molecular orbital diagram based on the various R groups (Figure 1.3).
42 
It 
was observed that the metal donated electrons directly into the empty σ
*
 orbital of the P–
R bond, However, the stability of this orbital only corresponded to the electronic 
properties of the R group. As the electronegativity of the R group increased, the σ
*
 orbital 
became lower in energy, thus providing more stability to the system. Furthermore, the 
electronegativity of the R group provided an increased electronic contribution from the 
phosphorus center, which, in turn, resulted in a larger σ
* 
orbital. Dias et al. established 
that both of the above factors promoted more back donation from the palladium metal 
center, and provided the following ranking of frequently used phosphine ligands based on 
observed π-acidity: PF3 > PCl3 > P(OAr)3 > P(OMe)3 > PAr3 > PMe3.  
 
 
Figure 1.3: The molecular orbital diagram of PR3; R = C, N, O, F derived by Dias et al. 
In addition to σ–orbital back donation, tertiary phosphines have also been 
evaluated from the standpoint of cone angles. For example, Griffiths and Leadbetter 
studied the effect of the PR3 cone angle on the Suzuki coupling of sterically hindered 2,5-
19 
 
dibromobenzene with phenylboronic acid. Several phosphine and phosphite ligands were 
treated with bis(dibenzylideneacetone)palladium(0) (Pd2(dba)3), which revealed a direct 
correlation between the cone angles and the overall reaction yields. It was postulated that 
a phosphine ligand with a small cone angle allowed for an easier access of the resulting 
phosphine complex to the sterically hindered C–X bond. The forgoing hypothesis was 
supported when P(OMe)3 and PPh3 were employed as ligands for the Suzuki reaction. 
The former ligand resulted in 82% conversion to the hetero-coupled product, while PPh3 
ligands resulted in no conversion. The large difference in yields may be attributed to the 
small cone angle of 107° in the case of trimethylphosphite. By way of comparison, 






   
P-donor Ligand Yield (%) Cone Angle (°) 
PPh3 0 145 
PEt3 30 132 
P(OEt)3 37 110 
P(OMe)3 82 107 
   
Table 1.1: Reaction conditions: 3 mol% Pd2(dba)3, 6 mol% P-donor ligand, 2 equivalents 
K3PO4, dioxane, 95 °C, 8 h. 
Although Griffiths et al. demonstrated an indirect relationship between cone angle 
and yield in the case of the sterically hindered coupling of aryl bromides and boronic 
acids, Littke et al. published a contradictory trend for the activation of simple aryl 
chlorides. In fact, only phosphine ligands with significant steric bulk and higher pKa were 
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capable of assisting the oxidative addition of the aryl halide (Table 1.2). The optimum 

















Table 1.2: Reaction conditions: 1.5 mol% Pd2(dba)3, 3.6 mol% phosphane, 2 equivalents 
Cs2CO3, dioxane, 80 °C, 5 h. 
In an effort to develop a more industrially viable catalytic system, Zapf and co-
workers expanded the work presented by Littke et al. to include significantly larger 
phosphine ligands. For example, the use of Littke’s P(t–Bu3) ligand with 0.01 mol% 
Pd(OAc)2 resulted in a 92% conversion. However, the use of BuPAd2 and 0.005 mol% 
Pd(OAc)2 afforded the desired hetero-coupled product in 87% yield (Table 1.3).
45
 The 
data presented by Zapf et al. provided additional support for the proposal that large, 







    
Phosphane Pd [mol %] Yield [%] TON 
PPh3 0.1 5 50 
PhPCy2 0.1 23 230 
(o-tol)PCy2 0.1 49 490 
(o-anisyl)PCy2 0.1 42 420 
(o-biph)PCy2 0.05 93 1860 
(o-biph)PCy2 0.01 47 4700 
PCy3 0.1 23 230 
P(t‒Bu3) 0.01 92 9200 
P(t‒Bu3) 0.005 41 8200 
BuPAd2 0.01 94 9400 
BuPAd2 0.005 87 17,400 
    
Table 1.3: Reaction conditions: Pd(OAc)2:P (2:1), K3PO4, toluene, 100 °C, 20 h. 
Taking into account the results presented in Table 1.3, Feuerstein et al. prepared a 
bulky tetrapodal phosphine ligand, namely cis,cis,cis-1,2,3,4-
tetrakis(diphenylphosphinomethyl)-cyclopentane (Tedicyp) in an attempt to couple 
heteroaromatic substrates.
46
 It was anticipated that the large phosphine ligand could 
possibly assist in the oxidative addition of the C–X bond, due to the positioning of all 
four diphenylphosphinoalkyl groups on the same face of the cyclopentane ring (Figure 
1.4). In 2001, Feuerstein et al. disclosed the unusually high activity of Tedicyp in the 
presence of palladium. The Tedicyp‒[PdCl(C3H5)]2 complex successfully activated a 
large number of aryl halides and heteroaromatics in high yields with appreciable turnover 
numbers.
2,46–52
 In the case of 4-bromobenzophenone, a turnover number of 28,000,000 
was achieved using a catalyst loading of 0.00001%.
47
 As a consequence of the significant 
bond dissociation energy of the C–Cl bond, Feuerstein et al. reached a lower turnover 
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number of 21 with the deactivated 4-chloroanisole. Nevertheless, with 0.000005% 
catalyst loading  and 2-chloro-5-(trifluoromethyl)nitrobenzene, a turnover number of 
6,800,000 was achieved.
48
 Interestingly, comparable turnover numbers were reported 
with β– and γ–substituted bromopyridines (2,500,000 and 810,000, respectively). 
However, in this case, due to a negative interaction between the nitrogen atom in α–
substituted bromopyridines and the palladium metal center on the catalyst resulted in 





Figure 1.4: Two illustrations of cis,cis,cis-1,2,3,4-tetrakis(diphenylphosphinomethyl)-
cyclopentane, Tedicyp. 
The Suzuki-Miyaura cross-coupling reaction catalyzed by Tedicyp‒[PdCl(C3H5)]2 
was subsequently extended to include vinyl bromides by Berthiol et al. With the use of 
only 0.001% of the catalyst in the reaction mixture, it was found that α–bromostyrene 
was able to generate 1,1-biarylethylene in 92% yield.
54
 Furthermore, Chahen and co-
workers enhanced the Suzuki coupling of benzylic halides with functionalized 
phenylboronic acids at catalyst loadings of as small as 0.0001% Tedicyp‒[PdCl(C3H5)]2. 
Furthermore, in the case of deactivated 3,5-dinitrobenzyl chloride, complete conversion 





Although the Tedicyp ligand provided stability and readily enhanced the activity 
of the palladium catalyst, the sensitivity of this ligand to air and moisture rendered these 
catalysts inappropriate for industrial use. Nevertheless, the advantageous properties of 
Tedicyp were found to fortuitously exist in dialkylbiarylphosphine and trialkylphosphine 
ligands that maintained the steric bulk and electron-rich character of Tedicyp. 
Subsequently, Buchwald et al. presented the following five advantages of employing 
dialkybiarylphosphine ligands for the Suzuki reaction: (i) they are crystalline materials; 
(ii) they are air stable; (iii) they are thermally stable; (iv) they are predominantly 
commercially available; and (v) they are utilized in atmospheric conditions without a 
glovebox.
56
 These ligands have also been synthesized in a one-pot procedure using an 
aryl Grignard (Scheme 1.17),
57
 the ligands for which are depicted in Figure 1.5. 
Remarkably, the tunable steric and electronic properties on the biarylphosphine ligands 
have allowed for significantly enhanced activity and selectivity of the corresponding 
palladium complexes. The steric bulk and electron-rich character of these ligands have 
been found to provide stability to the monoligated L1Pd intermediates in the catalytic 
cycle.
58
 Moreover, the rate of oxidative addition of aryl halides to L1Pd(0) has been found 
to be considerably faster than the that of analogous L2Pd(0) species.
59,60
 This result can 
be attributed directly to the difference in size between the mono- and biligated species. 
Thus, the aryl halide is capable of accessing the palladium intermediate more easily in 
L1Pd(0). Although no experimental evidence has been presented, the rate of 
transmetallation is presumed to operate in a similar manner. In fact, the rate of reductive 
elimination has been confirmed to proceed significantly faster with a monoligated 
compound relative to the corresponding biligated analogue.
61,62
 The individual rates in 
the catalytic cycle were enhanced by the addition of a substituent in the ortho position 
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relative to the lower aryl ring due to the substantial increase in the concentration of the 






Scheme 1.17: Synthesis of a generic trisubstituted-dialkylbiarylphosphine ligand. 
 
 
Figure 1.5: Common dialkylbiarylphosphine ligands with their associated monikers. 
The biarylphosphines were probed initially with Pd(OAc)2 for their activities in 
the Suzuki reaction with the specific objective of coupling hindered substrates. It was 
discovered that the presence of a small functional group in the ortho-position of the lower 
benzene ring resulted in a significant increase in the activity of the palladium catalyst. 
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For example, the ligand ‘DavePhos’ was found to facilitate C–X activation, which was 
attributed to the addition of a dimethylamino functional group.
64
 Simultaneously, Fu et 
al. exploited the use of  P(t–Bu)3 as a ligand and reported a slight increase in activity.
44
 In 
turn, the latter development resulted in the design of the ligand ‘JohnPhos’, in which 
PCy3 was replaced by P(t‒Bu)3, in addition to the removal the dimethylamino functional 
group.
65
 Remarkably, the JohnPhos–Pd system was even more reactive at room 
temperature. The increase in activity was believed to be due to higher L1Pd(0) and 
L1Pd(Ar)Cl concentrations than those used in the analogous L2Pd intermediates.  
Although JohnPhos significantly enhanced the coupling of aryl halides with 
phenylboronic acids, it was not particularly useful for the production of unsymmetrical 
tetra-ortho-substituted biaryls. The desired product was eventually prepared by 
Buchwald et al. using the new bi-ortho-substituted biarylphosphine ligand, SPhos.
66,67
 
Interestingly, the SPhos ligand conferred unprecedented stability on the L1Pd system, 
which, in turn, resulted in the promotion of unactivated aryl bromides and chlorides using 
only 0.0005 mol% Pd. The final successful modification of the dialkylbiarylphosphine 
ligand class involved the addition of a bulky substituent to the para-position of the lower 
biaryl ring. The resulting XPhos ligand featured the presence of isopropyl groups in the 
ortho- and para-positions of the lower biaryl ring.
68
 Although XPhos was unable to 
provide a more active catalyst than SPhos using the standard Suzuki-Miyaura reaction 
conditions, the XPhos‒Pd catalyst efficiently coupled thiophenes and pyridylboronic 
acids with low catalyst loading. This accomplishment was unparalleled, particularly in 
the presence of highly basic aminopyridines and heteroaryl chlorides due to the 
predisposition of such compounds to undergo protodeboronation. It has also been 





useful summary of the pertinent characteristics of the dialkylbiarylphosphine ligands was 





Figure 1.6: A concise summary of the benefits of dialkylbiarylphosphine ligands in the 
Suzuki-Miyaura cross-coupling reaction presented by Buchwald et al.  
 Buchwald et al. presented a compelling argument for the advantages of using 
biarylphosphine ligands; nevertheless, a significant amount of interest has been generated 
on the use of smaller air stable variations of triphenylphosphine. Initially, many research 
groups attempted to couple deactivated aryl chlorides with phenylboronic acids by the 
use of sterically hindered phosphite-palladium systems. Unfortunately however, the 
cross-coupling reactions would not proceed without the addition of calcium fluoride. 
Nevertheless, under optimum conditions a turnover number of 820,000 can be achieved.
70
  
Li et al. discovered the first air stable phosphine-palladium systems that were 
active for Suzuki-Miyaura cross-coupling reactions. These phosphine oxide precursors 
(RR’P(O)H) were converted to phosphinous acid (RR'POH)-metal complexes that 





Kayaki expanded this idea by the design and synthesis of Pd[P(OC6H5)3)4], which is 
capable of converting allylic alcohols to phenylbutenes in thirty minutes in a 67% yield.
74
  
 A few aminophosphines have also been proposed as potentially valuable ligands 
for the Suzuki reaction on the basis that the donating character of the amine substituent 
would assist the activation of the C–X bond. The first functional example was introduced 
by Clarke et al., and featured a phosphine functional group attached to a 
methylpiperazine (Scheme 1.18).
75
 Although this ligand system resulted in 100% 
conversions for several aryl chlorides; the reaction appeared to be heavily base-
dependent. Furthermore, if the aminophosphine ligand was attached to an (i‒Pr2)P group, 
the Suzuki coupling reaction required the addition of potassium phosphate. On the other 
hand, when PCy2 was used, the highest reactivity occurred with cesium fluoride.  
 
 
Scheme 1.18: Reaction conditions: 1 mol% Pd, 4 mol% ligand, toluene, 90 °C, 16 h, 
K3PO4 or CsF. 
Initially, Urgaonkar used commercially available bicyclic triaminophosphine 
ligands to create unsymmetrical biaryls from aryl chlorides in high yields (Figure 1.7a).
76
 
In the following year, Cheng et al. developed air stable aminophosphine ligands, in which 
two amino functional groups were tethered to a phosphine ligand (Figure 1.7b).
77
 
Although these ligands activated the aryl chlorides adequately, the desired biaryl products 
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were only produced in low yields.  One of the most innovative modifications of this 
reaction was reported by Harkal and co-workers (Figure 1.7c). In this approach, a 
functionalized N-heterocyclic carbene was directly coordinated to a phosphine.
78
 All four 
variations of this ligand were found to react with palladium (II) acetate in the Suzuki-
Miyaura cross-coupling reaction. However, only the unsubstituted phenyl substituent 
gave reproducible results with aryl chlorides at low catalyst loadings. No explanation for 
this outcome was provided.  
 
 
Figure 1.7: (a) Bicyclic triaminophosphine ligand presented by Urgaonkar et al. (b) 
aminophosphine ligand introduced by Cheng et al. (c) phosphinoimidazole 
established by Harkal et al. 
 These ligand modifications were carried out with the objective of enhancing the 
stabilities of several of the palladium intermediates in the catalytic cycle of the Suzuki 
reaction by taking advantage of the steric bulk and electron rich character of the 
aminophosphine and phosphite ligands. In addition to the introduction of oxygen and 
nitrogen chelating groups into the parent phosphine ligands, a few research groups 
prepared ligands that contained multiple phosphine sites. For example, Shen and co-
workers employed the bidentate ligand 1,3-bis(diphenylphosphino)propane (dppp) and  
palladium (II) acetate for the activation of aryl chlorides with ortho- and para-electron 
withdrawing substituents with high efficiency (Figure 1.8a).
79
 Interestingly, when Sjovall 
et al. replaced the central carbon of dppp with a benzene ring, the resulting chelating 
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diphosphane ligand proved to be an adequate catalyst for the vinylation of aryl bromides 
and iodides in the Heck reaction (Figure 1.8b).
80
 In turn, the success of these bidentate 
phosphine ligands inspired Doherty  et al. to combine the ligands developed by Shen and 
Sjovall to produce 1,3-butadiene bridged diphosphine ligands, specifically for the design 
of 1,4-bis(diphneylphosphino)-1,3-butadiene) or the ligand ‘NUPHOS’ (Figure 1.8c).
81
 
The unique invention of NUPHOS permitted Pd2(dba)3 to facilitate the Suzuki coupling 
of aryl bromides and phenylboronic acids with two chelating sites on the Pd(II) metal 
center with a turnover number of 1,000,000 at 0.0001 mol% Pd.  
 
 
Figure 1.8: bidentate ligands (a) 1,3-bis(diphenylphosphino)propane (b) cis-1,3-
(Ph2PCH2)2C6H10 (c) 1,4-bis(diphneylphosphino)-1,3-butadiene); R = Ph, 
Me. 
In summary, the originally used phosphine ligand, PPh3, has been optimized by 
two major modifications, namely the introduction of (1) an oxygen or nitrogen containing 
functional groups or (2) the addition of phosphine groups. The foregoing alterations were 
particularly useful for the Suzuki-Miyaura cross-coupling reaction with functionalized 
aryl halides and phenylboronic acids through extra stability afforded to various palladium 
intermediates, L1Pd(0). A few research groups have successfully combined the previously 
cited modifications to produce bidentate (P,O)– or (P,N)‒chelating ligands. Interestingly, 
the backbone-derived P,O–ligands synthesized by Bei et al. were not sensitive to air and 
moisture.
82
 Moreover, these ligands were capable of activating aryl halides with ortho-





 Furthermore, Mukherjee and co-workers derived a similar system with 
pyrazole-based bidentate P,N–donor phosphine ligands. However, this approach resulted 
in lower yields than those of those of the analogous Bei process. The pyrazole system 





Figure 1.9: Bidentate ligands (a) 2-(2’-dicyclohexylphosphinophenyl)-1,3-dioxolane; R = 
Me, H (b) pyrazole-tethered triarylphosphine; R = CH3, tBu, Ph, Mes. 
1.2.1.2 N-Heterocyclic Carbene Ligands 
Although a few cases of air stable phosphine ligands have been highlighted in this 
review, the majority of these compounds have been found to be air- and moisture- 
sensitive. In an attempt to circumvent these drawbacks, a new type of ligand was 
designed as a tertiary phosphine mimic.
85
 This particular N-heterocyclic carbene (NHC) 
ligand was introduced originally by Hermann et al. using a Heck olefination reaction. 
The new NHC ligand was found to possess exceptionally high thermal stability. In the 
ensuing twenty years, the NHC ligand became the third most popular ligand after bulky 
dialkybiaryl- and trialkyphosphines for the Suzuki-Miyaura cross-coupling reaction.
56
   
Both the phosphine and the NHC ligands were considered to function as two-
electron donors. However, the steric and electronic properties of each ligand system were 
distinctly different. One of the most attractive properties of the phosphine ligands is 
typically described from the standpoint of Tolman parameters or cone angles.
86
 The cone 
angle terminology was derived from the shape of the phosphine ligand, in which the 
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steric bulk was directed away from the metal center of the catalyst.
87
 Conversely, the R 
groups on the NHC ligand were often located within the coordination spheres of the 
palladium complexes (Figure 1.10).
88
 As a consequence, the R groups had a profound 





Figure 1.10: Illustration of PR3 and NHC steric characteristics presented by Fortman et 
al. 
 The R groups on the NHC ligands were postulated to have a negative steric 
influence on the corresponding palladium catalysts, although they were also attributed to 
the unusually strong M–C bond. As a consequence, a molecular orbital diagram was 
generated in an effort to explain the unique electronic properties of this ligand class. 
Particular emphasis was placed on the distinction between the strengths of the analogous 
M–NHC and M–PR3 bonds (Figures 1.3 & 1.11). The primary component of the M–NHC 
bond was observed to be L → M σ–dative bonding, followed in order of weakening 
bonding component by M → L π
*
–backbonding and L → M π–donation. Furthermore, 
the M–NHC bonds were found to possess as much as 20% of π–interactions in the case of 
d
10
 metals and 15% for the corresponding d
8
 metals. The M → L π
*
–backbonding was 
found to be a direct result of an orbital overlap of the π
*
‒orbital between the carbonic 
carbon and the HOMO of the metal center. On the other hand, the L → M π–donation 








Figure 1.11: A simple picture of the frontier orbitals involved in three distinct M–NHC 
interactions. 
Subsequently, the interesting properties of the NHC ligand have been enhanced 
by manipulation of the C–C backbone. It was discovered that the bulky R groups with an 
unsaturated NHC backbone were more capable of protecting the active site on the Pd 
metal center. Furthermore, fusing the NHC moiety to a benzene ring provided additional 
stability to an otherwise somewhat sensitive ligand system. It has been proposed that this 
stabilization effect arises from the presence of a delocalized electron π–cloud above or 
below the ligand structure. Unfortunately, however the steric bulk of the benzene ring has 
a tendency to reduce the activities of NHC-based catalysts. Furthermore, the presence of 
a saturated NHC backbone was found to decrease the overall rate of reaction, due the 
33 
 
difficulty in detachment from the metal center.
90
 The relative thermodynamic stabilities 





Figure 1.12: The relative stabilities of three diaminocarbene ligands.  
The first examples of nucleophilic carbenes were isolated and characterized by 
Arduengo et al. in 1992.
93
 The four new free carbenes were found to be relatively stable 
due to a combination of electronic and steric influences (Figure 1.13). Subsequently, the 
“phosphine mimic” was determined to be effective for numerous hydrosilylation, olefin 
metathesis, and Heck reactions by a number of research groups.
94–98
 One of the major 
outcomes of these syntheses was the synthesis of the first NHC–Pd homogeneous catalyst 
for the Suzuki-Miyaura cross-coupling reaction by Zhang et al.
99
 It was found that the 
presence of Pd2(dba)3 and Cs2CO3, IMes successfully activated p-chlorotoluene, thereby 
forming p-phenyltoluene with 59% selectivity for the hetero-coupled product (Scheme 
1.19).  
 





Scheme 1.19: The first Suzuki reaction carried out with an NHC ligand (80 °C, 1.5 h). 
In addition to activating the C–Cl bond with a free carbene, they also introduced 
Zhang et al. discovered the first example of a Suzuki coupling reaction by an 
imidazolium salt. Under otherwise identical reaction conditions, the related reaction with 
IMes•HCl afforded the desired hetero-coupled product in 96% yields. Interestingly, this 
stable NHC precursor was found to be appreciably more active than that of the 
corresponding free carbene. This approach also achieved high activity with respect to 
functionalized phenylboronic acids. For example, it was possible to couple p-




A more thorough examination of the use of imidazolium salts as ligands for the 
Suzuki-Miyaura reaction was carried out by Grasa et al., using an assortment of ligands 
with various steric and electronics effects (Figure 1.14).
100
 Interestingly, the ligands 
featuring smaller aromatic substituents resulted in lower turnover numbers. In the case of 
ITol, the hetero-coupled product p-biphenyltoluene was produced only in low yield (5%). 
However, when additional bulky substituents were attached to the aromatic rings, the 
biphenyl products were generated in yields as high as 99%. Furthermore, Grasa et al. 
discovered that the use of bulky R groups significantly enhanced the efficiency of the 
coupling of aryl halides to phenylboronic acids, particularly in the cases of IXy and IMes. 









   
Ligand Time [h] Isolated Yield [%] 
None 24 NR 
IAd 2 44 
ICy 2 14 
ITol 2 5 
IXy 2 51 
IXy 1.5 90
a 








   
Table 1.4: Reaction conditions: Pd(OAc)2:L•HCl, Cs2CO3, dioxane, 80 °C, 1.5-39 h; (a) 
Pd2(dba)3 was used in these reactions.  
The imidazolium/palladium system was further investigated by Mathews and co-
workers, in order to further advance the optimization of the Suzuki reaction. In contrast to 
Grasa et al., Mathews et al. examined a series of commercially-available imidazoles in 
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the presence of (CH3CN)2PdCl2 and Na2CO3, and completed these reactions by treatment 
with tolylboronic acid. Use of the foregoing reaction conditions afforded the desired 
hetero-coupled products with an average turnover frequency of 240 h
‒1
 for each aryl 
iodide and bromide that was studied. Unfortunately, the aryl chlorides exhibited a wide 
range of turnover frequencies (0-140 h
‒1
) and yields (0-56%). Nevertheless, these results 
were noteworthy for the absence of the undesired homo-coupled product. In summary, 
this novel approach generated in situ catalysts that were active for Suzuki coupling. 
Unfortunately, however, it was extremely difficult to identify the molecular species that 
were active in the catalytic cycle.  
Concurrently, Viciu attempted to circumvent the catalyst ambiguity by 
development of new molecular NHC‒Pd catalysts. The syntheses of several air- and 
moisture-stable (NHC)Pd(allyl)Cl complexes were described (Figure 1.15), along with a 
few examples of successful Suzuki transformations with (IMes)Pd(allyl)Cl and 
(IPr)Pd(allyl)Cl (Scheme 1.20).
101
 The authors noted a strong dependence of the coupling 
reactions on the base NaO
t
Bu. Interestingly, all other bases were found to be ineffective 
for these coupling reactions. However, both catalysts activated the C–Cl bond in the 
unique substrate m-chloropyridine in 1.5 hours with yields of 95-97%.  
 





Scheme 1.20: Unique Suzuki coupling of m-chloropyridine with (NHC)Pd(allyl)Cl.  
In the following year, Viciu et al. proposed an innovative method for 
identification of the steric factor of each NHC ligand. The concept of buried volume was 
initially introduced by Hillier et al. in an attempt to elucidate the environment around a 
ruthenium metal center relative to that of an NHC ligand.
102
 The ‘buried volume’ was 
defined as a 3.0 Å sphere centered on a noble metal on which the NHC ligand has been 
confined (Figure 1.16).  
 
 
Figure 1.16: Visual representation of buried volume. 
Viciu et al. expanded the theory of buried volume to evaluate the various 
(NHC)Pd(allyl)Cl complexes, and thereby calculated the buried volume of a plethora of 
saturated and unsaturated NHC ligands (Table 1.5). In order to determine the tabulated 
buried volume values, calculations were carried out with a constrained Pd–Ccarbenic bond 
length of 2.0 Å. The second calculation utilized the actual experimental data from the X-
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ray crystal structures involving the Pd–Ccarbenic bond length. The most sterically 
demanding ligands were found to be ItBu, IAd, and SIPr. 
 
   





(IPr)Pd(allyl)Cl 26.10 24.99 
(SIPr)Pd(allyl)Cl 33.03 32.27 
(IMes)Pd(allyl)Cl 26.50 25.87 
(SIMes)Pd(allyl)Cl 27.49 26.91 
(ItBu)Pd(allyl)Cl 33.37 32.25 
(ICy)Pd(allyl)Cl 25.17 23.90 
(IAd)Pd(allyl)Cl 33.56 32.20 
(IBn)Pd(allyl)Cl 23.61 22.93 
   
Table 1.5: Buried volume calculated for a Pd–Ccarbenic bond length of (a) 2.0 Å or (b) 
experimental values based on crystallographic data (S indicates a saturated 
C–C backbone). 
The information gleaned by Viciu et al. prompted Navarro and co-workers to 
undertake a thorough study of the activities of multiple sterically-hindered 
(NHC)Pd(allyl)Cl complexes for the Suzuki-Miyaura cross-coupling reactions. The 
ligands IMes, SIMes, IPr, SIPr, and ItBu were used for this purpose and treated with  
NaO
t
Bu in dioxane at high temperatures.
103
 Remarkably, the reactions proceeded to 
completion after twenty minutes compared to previously reported reactions which 
required a minimum of 1.5 hours (Scheme 1.21 & Table 1.6). Viciu et al. predicted the 
greatest protection of the catalytically active site on the palladium metal center using 
bulkier aromatic substituents (ItBu, IAd, and SIPr) based only on buried volumes, while 
on the other hand, Navarro et al. reported the highest hetero-coupled yields using IMes 
and IPr. Furthermore, when the IPr ligand was employed for the coupling of 
functionalized aryl chlorides with phenylboronic acids, the yields were at least 94%. 
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However, slightly lower yields were observed for the coupling of functionalized 
phenylboronic acids with p-chlorotoluene. Finally, the consequences of placing an allyl 
ligand in the trans position relative to the NHC ligand were analyzed by Marion and co-
workers. The corresponding yields were significantly improved by the use of larger 





Scheme 1.21: Suzuki coupling with (NHC)Pd(allyl)Cl reported by Navarro et al.; 










Table 1.6: Pertinent results obtained from Suzuki coupling with sterically-hindered 
(NHC)Pd(allyl)Cl complexes; Reaction conditions: Pd (1 mol%), NaO
t
Bu, 
dioxane, 80 °C, 20 min.  
An alternative catalyst system was designed by McGuinness and co-workers for 
C–X activation in the Heck reaction. The methyl-palladium carbene complexes were 
shown to be capable of producing turnover frequencies as high as 24,000.
95
 Each mono- 
and bis(carbene) catalytic systems incorporated simple imidazole ligands attached to a 
palladium(II) metal center (Figure 1.17). Interestingly, the observed turnover frequencies 
for the bis(carbene) ligands were significantly higher than those of the corresponding 
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mono(carbene) ligands. McGuinness and co-workers also discovered that only the 
mono(carbene) system became quickly deactivated in solution, and as a consequence the 
bis(carbene) catalysts were able to produce larger concentrations of product.  
 
 
Figure 1.17: Mono- and biscarbene complexes designed by McGuinness et al. 
In an attempt to expand their inventory of homogenous catalysts, McGuinness et 
al. utilized silver transfer reagents to generate a variety of unique bidentate carbene 
systems, in addition to several bis(carbene) ligands with C2 symmetry that were produced 
from asymmetrical carbene ligands.
105
 Both cis and trans catalysts were synthesized and 
subsequently employed in Heck, Suzuki, and Sonogashira reactions. In the case of Suzuki 
coupling, p-bromoacetophenone was successfully converted to the hetero-coupled biaryl 
product with a turnover number of 5,500. However, with an increase in reaction time 
from one hour to twenty-four hours, the turnover number improved dramatically to 
109,900. The reaction conditions for the bis(carbene) systems were optimized and 
required forty-eight hours to achieve complete conversion. Shortly thereafter these results 
were published, McGuinness et al. presented a thorough examination of the M–C bond in 
an attempt to explain the high reactivities that were observed with the high carbene 
impact.
106
 These authors proposed that the strength of the M–L bond was a consequence 
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of the strong σ–donation from the NHC ligand in concert with the lack of π–backbonding 
from the metal to the carbene.  
Almost simultaneously, Böhm and co-workers developed a new bis(carbene) 
complex with bulky aromatic groups containing high buried volumes.
107
 After the four 
new catalysts were prepared, the bis(carbene) complexes were examined for their activity 
in terms of C–X bond activation (Scheme 1.22). Intriguingly, a range of yields between 
7-68% was measured for the conversion of p-chlorotoluene to p-methylbiphenyl. The 
cyclohexyl and tert-butyl functional groups afforded the lowest and highest yields, 
respectively. The authors speculated that this synthetic approach might represent a new 
method for the creation of mixed NHC-phosphine complexes.   
 
 
Scheme 1.22: Suzuki-Miyaura coupling optimized by Böhm et al. for aryl chlorides; R = 
Mes, t–Bu, i‒Pr, Cy. 
Over the past decade, a number of unique NHC complexes have been prepared in 
order to investigate their various steric and electronic properties. A particularly unusual 
result was reported by Lebel et al. when two equivalents of IMes were treated with 
Pd(OAc)2 in dioxane solution (Scheme 1.23).
108
 The anticipated symmetrical 
(IMes)2PdCl2 complex was not obtained even as a minor product, while the asymmetrical 
bis(carbene) ligand was produced in a 74% yield. Furthermore, this distorted catalyst 
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activated the C–Cl bond in Suzuki and Heck coupling reactions in yields of 44% and 
77%, respectively.  
 
 
Scheme 1.23: Asymmetric catalyst for Suzuki-Miyaura coupling developed by Lebel et 
al.  
Subsequently, a more thorough examination of these NHC ligands was performed 
by Fu et al. in 2009. This examination involved a comprehensive inspection of saturated 
and unsaturated carbene ligands. In particular, Fu et al. presented six new bis(carbene) 
ligands and explored their Suzuki coupling activities (Figure 1.18 & Table 1.7).
90
 It was 
discovered that the saturated NHC ligands remained strongly bonded to the metal center 
in solution, and consequently exhibited greater activity in the Suzuki-Miyaura cross-
coupling reaction than those of the analogous unsaturated NHC ligands. More 
importantly, it was discovered that the addition of (t–Bu3)P significantly increased the 
overall yields of the hetero-coupled product. These results further supported Böhm’s 
initial theory
107
 of combining N-heterocyclic carbene and phosphine ligands to form a 





















Table 1.7: Saturated and unsaturated biscarbene complexes along with the corresponding 
yields obtained from the Suzuki coupling of p–chlorotoluene and 
phenylboronic acid (a) a mixture of cis– and trans–isomers; Reaction 
conditions: Pd (1 mol%), (t–Bu3)P (2 mol%), H2O, reflux, 24 h.  
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1.2.1.3 Mixed Phosphine and NHC Ligands 
Several of the catalysts that have been designed for the Suzuki-Miyaura cross-
coupling reactions consist of either a phosphine ligand or an N-heterocyclic carbene. 
Interestingly, however, there are relatively few examples in the literature of complexes 
that feature both components. This observation is particularly noteworthy since a mixed 
PR3/NHC system could be an ideal candidate as a catalyst for Suzuki coupling, due to the 
strong σ–donation of the NHC ligand and the labile character of the phosphine ligand. 
Furthermore, it is possible that the trans-influence would be present in these types of 
systems, in which case the phosphine ligand would dissociate from the metal center in 
order to create a catalytically active site. 
One of the first examples of a mixed PR3/NHC system was presented by 
Matsumura and co-workers. In this case, the Pd and Rh carbene complexes were 
generated from 10-S-3 tetrazapentalene derivatives. The pertinent reaction schemes are 
presented in Scheme 1.24. The mixed complexes were found to be stable to air and 









Shortly thereafter, Weskamp et al. developed a similar mixed PR3/NHC system 
for use in the Suzuki-Miyaura cross-coupling reaction. The trans-NHC-phosphine 
catalyst was synthesized from the complex di(μ-iodo)-bis(1,3-di(1’-(R)-
phenylethyl)imidazolin-2-ylidene)dipalladium(II) by the addition of either PPh3 or PCy3 
(Scheme 1.25). At that time, the Weskamp catalysts were the most active Pd(II) 
compounds for effecting Suzuki coupling. With 0.1-1.0 mol% Pd, the C–Br bonds could 
be activated in >99% yields with PPh3 or PCy3. Alternatively, the activation of aryl 
chlorides was entirely dependent on the addition of PCy3
 
and 1.0 mol% Pd. This catalyst 
afforded yields of 90, 87, and 69% for activated, unactivated, and deactivated substrates, 
respectively. Weskamp et al. also examined the activity of the Pd(II) precursor. However, 
this catalyst was found to be completely inactive.
96
   
 
 
 Scheme 1.25: The trans-NHC-phosphine ligand presented by Weskamp et al. 
In the following year, Weskamp et al. expanded the simple catalyst structure in 
order to examine the steric and electronic effects of the functional groups on the NHC 
and PR3 ligands. The resulting twelve new mixed PR3/NHC catalysts were investigated 
for their abilities to couple aryl bromides and chlorides with phenylboronic acid (Figure 
1.19).
110
 The reactivities of these catalysts depended primarily on the size of the NHC 
substituents. Bulky NHC ligands were found to provide the highest turnover numbers. On 
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the other hand, the ideal phosphine ligand varied for each system (Table 1.8). The highest 
catalytic activities were observed with catalysts that featured PCy3 located in a trans 
position with respect to the NHC ligands with 1-PhEt. 
 
 
Figure 1.19: Additional trans-NHC-phosphine catalysts presented by Weskamp et al.;     
R = C6H5, 2-(CH3)C6H4, cyclo-C6H11, C(CH3)3. 
 
 
     
X R RNHC PR3 Yield [%] 
Br C(O)CH3 1-PhEt PPh3 100 
Br H 1-PhEt PPh3 100 
Br OCH3 1-PhEt PPh3 100 
Br OCH3 1-PhEt P(o-Tol)3 95 
Br OCH3 1-PhEt P(t-Bu)3 99 
Br OCH3 1-PhEt PCy3 100 
Br OCH3 t-Bu PCy3 55 
Br OCH3 Me PCy3 31 
Cl C(O)CH3 1-PhEt PCy3 90 
Cl H 1-PhEt PPh3 7 
Cl H 1-PhEt PCy3 87 
Cl OCH3 1-PhEt PCy3 69 
     
Table 1.8: Suzuki coupling of aryl bromides and chlorides with phenylboronic acid using 




Herrmann and co-workers expanded the mixed PR3/NHC complex to probe the 
catalytic activities of the Stille and Heck reactions. During the optimization process, it 
was determined that bulky adamantyl groups facilitated the coupling of unactivated aryl 
chlorides with phenylboronic acids. They ultimately presented the first example of the 
coupling of p-chlorotoluene with phenylboronic acid at ambient temperature (Scheme 
1.26). These catalyst systems were believed to facilitate the dissociation of 
bis(phosphines), yet retain the stability of bis(carbene) complexes. 
 
 
Scheme 1.26: The first example of coupling an unactivated aryl chloride with 
phenylboronic acid at room temperature. 







, Liao and co-workers undertook a detailed investigation of the 
saturated vs. unsaturated mixed PR3/NHC complexes (Figure 1.20).
111
 Moreover, they 
also explored the role of the phosphine ligand. Each of the catalysts showed high activity 
with aryl bromides. However, only the catalysts with PCy3 exhibited any activity with the 
aryl chlorides. This difference in promotion may be due to the more rapid dissociation of 
PCy3 in comparison with the analogous PPh3 ligand. Furthermore, Liao et al. observed 
similar reactivities for the complexes with saturated and unsaturated NHC backbones, 





Figure 1.20: Saturated and unsaturated mixed cis-NHC-PR3 catalysts for Suzuki 
coupling. 
The thermal stability of these mixed systems was also investigated by Türkman et 
al. who reported the syntheses of five new palladium(II) complexes along with the 
necessary thermal analysis data.
112
 The pertinent data are presented in Figure 1.21 and 
Table 1.9. In each case, the phosphine ligand was dissociated initially, followed by the 
NHC ligand. Türkman et al. hypothesized that the Pd–PR3 bond was weaker than that of 
the corresponding Pd–NHC bond. In fact, the Pd–NHC bond was found to be thermally 
stable above 300 °C. This high stability was directly correlated with the properties of the 
substituent in the para-position (relative to that of the NHC). Furthermore, in a direct 
comparison of the bis(carbene) and mixed PR3/NHC systems, Türkman et al. observed a 
significantly higher reaction rate for complexes that incorporated both ligand systems, 
thus implying a higher thermal stability for bis(carbene) complexes in comparison with 









Complex Peak Temperature [°C] 
A 334, 362 
B 232, 329, 371 
C 339, 354 
D 323, 371 
E 322, 354 
F 330, 350 
  
Table 1.9: The thermal analysis data for mixed PR3/NHC complexes. 
In an attempt to determine the relationship between PR3/NHC structural 
conformations and catalytic activity, Xu et al. synthesized two new cis/trans-NHC-
phosphine complexes (Figure 1.22).
113
 The cis palladium catalyst was found to be slightly 
more active with respect to simple aryl bromides at 0.5 mol% Pd than those of the 
corresponding trans catalyst. Moreover, only the cis catalyst activated the C–Cl bonds of 
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p-chlorobenzene and p-nitrochlorobenzene. Unfortunately, a direct comparison of the 
cis/trans configurations cannot be accomplished due to the paucity of data. 
 
 
Figure 1.22: Two N-heterocyclic carbene-phosphine Pd(II) complexes prepared by Xu et 
al. 
Fortunately, a comprehensive study of the structural isomers of cis‒ and trans–
(NHC)(PPh3)(Br)2Pd has been carried out by Huynh et al. (Figure 1.23).
114
 By means of 
NMR and single-crystal XRD analyses, it was determined that the trans product was 
formed initially. Interestingly, the trans complex isomerized to the cis complex over a 
period of 46 hours. Furthermore, Huynh et al. observed that the Pd–C bond lengths and 
C–H•••Pd interactions were longer in the case of mixed PR3/NHC complexes than those 
in the parent bis(carbene) complexes. This observation may be attributed to the lower 
catalytic activity of the mixed PR3/NHC complexes.  
 
 
Figure 1.23: Structural isomers of cis‒ and trans–(NHC)(PPh3)(Br)2Pd. 
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Mathews and co-workers developed a contrasting mixed PR3/NHC complex, in 
which the palladium center contained two PPh3 ligands in addition to an NHC ligand 
located trans to a halide. On the basis of the strong electrostatic interaction between the 
Pd(II) center and [BF4]
‒
 counteranion was suggested that this complex would be a strong 
candidate for carrying out Suzuki couplings in imidazolium ionic liquids.
115
 In fact, 
Mathews et al. reported the Suzuki coupling of bromobenzene and phenylboronic acid in 
a 95% yield and with a turnover frequency of 930 h
‒1
 (Scheme 1.27).  
 
 
Scheme 1.27: Suzuki coupling of bromobenzene with phenylboronic acid in an 
imidazolium ionic liquid. 
Several other mixed PR3/NHC complexes have been designed and synthesized in 
an attempt to further optimize the Suzuki-Miyaura cross-coupling reaction by altering the 
ratios of NHC to PR3 in these mixed ligands. A similar palladium(II) complex has been 
prepared by Baker et al. However, in this case two NHC ligands and one phosphine 
ligand were employed.
116
 Shortly thereafter, Yang et al. designed a cis-NHC-phosphine 
complex. However, it proved to be only an active catalyst for the Heck reaction.
117
 A 
particularly unique example of mixed PR3/NHC complexes was reported by Ellul and co-
workers (Figure 1.24), following which a few Suzuki-Miyaura cross-coupling reactions 
were performed.
118
 This exceptional catalyst activated aryl iodides and bromides in 







independently explored the mechanistic properties of such complexes, subsequently 
concluding that the labile phosphine ligands were advantageous for both the oxidative 
addition and reductive elimination steps in the Suzuki catalytic cycle.  
 
 




 palladium phosphine species. 
1.2.2 Media 
 The original Suzuki-Miyaura cross-coupling reaction was performed in 
tetrahydrofuran (THF) solution. However, Suzuki noted that the addition of aqueous 2N-
sodium hydroxide increased the yield of the hetero-coupled product significantly.
1
 In the 
ensuing years, the Suzuki reaction was performed in wide range of reaction conditions 
that included a wide variety of organic solvents, each of which had been optimized based 
on the characteristics of the palladium catalyst. In the case of similar cross-coupling 
reactions (e.g. the Heck reaction) substantial interest was generated in the nature of the 
solvent employed to facilitate C–C bond formation. One of the first comparative studies 
was achieved by Zhao and co-workers in their examination of different solvents for the 
Heck reaction of iodobenzene with methyl acrylate.
121
 The turnover numbers of several 
solvents with respect to their dielectric constants are presented in Table 1.10. In the case 
of the optimum Pd:PPh3 ratio of 1:2, the highest turnover number resulted from 
palladium catalysts employed in polar solvents. Interestingly, the reaction rates increased 
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with the increase of the concentration of PPh3 in nonpolar solvents. The production of 
Pd(PPh3)4 in nonpolar solvents was believed to deter the rate of reaction. On the other 
hand, the opposite trend was observed in the case of polar solvents. The conclusions 















Octane 1.948 0 45 
Toluene 2.379 0.37 159 
Ethanol 24.55 1.66 97 
Propiononitrile 27.2 3.57 333 
NMAc - 3.79 380 
NMP 31.5 4.09 296 
Acetonitrile 37.5 3.44 262 
    
Table 1.10: Turnover numbers for Heck reactions of iodobenzene and methyl acrylate; 
Reaction conditions: Pd (0.25 mol%), 60-95 °C.  
 Recent exploration in this field has been focused on the development of catalysts 
effective in green chemistry, specifically in environmentally benign solvents. Navarro et 
al. successfully activated the C–Cl bond in sterically hindered aryl chlorides with 
technical grade isopropanol to generate tri-o-substituted biaryls. Eleven palladium 
catalysts containing at least one NHC ligand were employed in 2-propanol at 50 °C and 
ambient temperature that resulted in conversions as high as 96% in one hour.
123
 
Remarkably, the solvent system was not pre-dried or purified prior to introduction to the 
reaction mixture.  
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 The C–C bond formation performed in isopropanol was particularly noteworthy 
for the development of green reaction conditions for Suzuki couplings, although the 
primary emphasis remained on the generation of palladium(II) systems that are 
operational in aqueous media. The first effective Suzuki coupling in aqueous solutions 
was reported by Casalnuovo and co-workers in which a few activated aryl iodides and 
bromides were treated with functionalized boronic acids. Additionally, the solvent system 
was optimized for each aryl halide, which resulted in a few unusual conditions. For 
example, p-iodotoluene was used in a 1:1 mixture of H2O and CH3CN, whereas p-
bromopyridine provided the highest yields in a 7:1.5:1.5 H2O:CH3OH:C6H6 mixture.
124
  
 Genet et al. expanded on the above mentioned solvent investigation to include 1:1 
mixtures of H2O:CH3CN or H2O:CH3OH in order to carry out the vinylation or arylation 
of alkenes with tris(3-sulfophenyl)phosphine trisodium salt (TPPTS) and Pd(OAc)2.
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These reactions proceeded satisfactorily under mild conditions and afforded relatively 
high product yields. Genet and co-workers continued to probe C–C cross-coupling 
reactions, and thereby identified the optimal reaction conditions for the coupling of 
iodoalkenes with alkenyl boron reagents. In this context, CH3CN:H2O (3:1) was found to 
be an ideal solution mixture in conjunction with iPr2NH as a suitable base for the 
selective formation of the Z-isomers of unsaturated esters.
126
  
The Suzuki-Miyaura cross-coupling reaction conditions were transformed by 






 Each of 
these research groups reported a catalytic system that was active in miscible aqueous 
solvent mixtures. In 1999, Paetzold et al. explored the case of 1:1:1 H2O:EtOH:Tol as a 
two-phase solvent system for an array of aryl halides. The aryl iodides and bromides 
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were converted quantitatively to the functionalized biaryl products within a few hours. 
Typically, the sterically-hindered substrates required reaction times of 24 h.
127
  
In an attempt to probe both miscible and biphasic aqueous solvent mixtures, 
Shaughnessy and co-workers synthesized bulky, water-soluble alkylphosphine ligands for 
the formation of C–C bonds. The pertinent reaction scheme is presented in Scheme 1.28. 
Both ligands formed in situ palladium species that were extremely active as Suzuki 
catalysts, particularly in the case of sterically-hindered aryl bromides. This successful 
outcome represented the first example of room temperature Suzuki couplings in aqueous 
solutions.
128
 Upon the addition of heat (80 °C), the turnover numbers increased from 
approximately 10,000 to 95,000 mmol of product per mmol of palladium.  
 
 
Scheme 1.28: Aqueous-phase Suzuki coupling presented by Shaughnessy et al. 
Although the active catalysts operated satisfactorily in 1:1 H2O:CH3CN solution, 
Shaughnessy et al. subsequently discovered that these catalysts functioned predominantly 
in the organic phase of the solution. This finding was disappointing, particularly in the 
context of the original objective of the research. In order to overcome this issue, 
Shaughnessy et al. examined several new biphasic aqueous systems. The optimal reaction 
conditions for the desired Suzuki couplings included a 1:1 H2O:Tol solution along with t-
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Bu-Amphos and Na2PdCl4. Remarkably, these conditions also resulted in the production 
of p-biphenylnitrile from p-chlorobenzonitrile. In solely aqueous solution, both activated 
and deactivated aryl bromides were converted into the desired hetero-coupled product in 
high yields at ambient temperature.
129
  
Concurrently, Najera and co-workers investigated the activation of several aryl 
chlorides in aqueous solvent mixtures. Although the miscible aqueous solvent mixtures 
facilitated complete conversion, it was determined that pure water afforded the highest 
turnover numbers. In the case of p-bromoacetophenone, turnover numbers of 9,700 and 
79,000 were measured for toluene and water, respectively, in otherwise identical reaction 
conditions.
130
 A similar trend was observed during the investigation of p-
chloroacetophenone, for which the turnover number for water was over one hundred 
times larger than that for toluene. The high activity in aqueous media was attributed to 
the presence of the electron deficient ligand-catalyst system, di(2-pyridyl)methylamine-
derived palladium(II) chloride. 
In 2005, Buchwald et al. reported the syntheses of two water-soluble biaryl 
phosphine ligands, each of which contained the essential sulfonate group. It can be 
argued that the work presented by Buchwald and co-workers transformed the scope of 
Suzuki couplings in aqueous media. A direct comparison of the biaryl phosphine ligand 
with and without the sulfonate group was completed in various solvents (Table 1.11). In 
contrast to the Shaughnessy approach, Buchwald’s system efficiently activated an array 
of highly functionalized aryl chlorides with excellent yields. Furthermore, these reactions 
proceeded at room temperature to afford quantitative yields, using 2 mol% Pd. Similar 








     
Ligand Solvent Temperature [°C] Conversion [%] Yield [%] 
A nBuOH 100 77 75 
A nBuOH:H2O (5:1) 100 27 26 
A CH3CH2CN:H2O (1:1) 100 >99 96 
A DMF:H2O (1:1) 100 >99 94 
A CH3CN:H2O (1:1) RT 17 12 
A H2O 100 22 20 
B H2O RT >99 97 
     
Table 1.11: Suzuki coupling of m-chlorobenzoic acid and phenylboronic acid with ligand 
A or B in various solvent systems; Reaction conditions: Pd (2 mol%).  
1.3 HETEROGENEOUS CATALYSIS 
The literature examples discussed so far established the high activities and 
selectivities of several homogeneous catalysts that are useful for Suzuki-Miyaura cross-
coupling reactions. These palladium complexes have proved to be capable of generating 
highly functionalized biaryl products at large turnover frequencies, most of which are 
capable of operating at low catalyst loadings and low temperatures. Unfortunately, 
however, the exclusive use of these methods of C–C bond formation is limited due to the 
inability to recycle these expensive homogeneous catalysts.  
One of the primary techniques that has been introduced to circumvent this 
problem was first reported by Jang in 1997, who carried out the synthesis of the first 
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polymer-bound Pd(0) complex. As well as affording higher yields than Pd(PPh3)4, this 
novel anchored-catalyst produced diphenylbutadienes with retention of the original 
stereochemistry.
132
 Although some homogeneous catalysts have been shown to lose 
activity upon tethering to a solid-support, recent research has been focused on the 
development of new heterogeneous catalysts that can be easily separated, recovered, and 
recycled. Furthermore, the ideal heterogeneous system would maintain activity and 
selectivity upon subsequent reuse, in addition to reproduction of the original activity of 
the parent homogeneous compound.  
1.3.1 Polystyrene and Other Polymer Supports 
1.3.1.1 Polymer-supported Phosphine Ligands 
The polymer-bound palladium compound presented by Jang et al. provided the 
parent homogeneous catalyst with heterogeneous-type character, thus allowing for its 
recovery and reuse for the Suzuki reaction. In the following year, Fenger developed a 
similar catalyst system, in which the diphenylphosphinated divinylbenzene cross-linked 
polystyrene palladium complexes were not only synthesized in situ, but were also found 
to be stable toward air and moisture (Figure 1.25).
133
 Moreover, the new heterogeneous 
catalysts were highly active throughout a second trial using identical reaction conditions. 
More importantly, the reactivity of these systems was comparable to that of the parent 
homogeneous catalyst (Table 1.12). In the case of 4-bromoaniline, catalyst A activated 
the C–Br bond more efficiently than Pd(PPh3)4. On the other hand, Akiyama et al. 
reported a similar system comprising of a microencapsulated triphenylphosphane 
palladium complex that was also more stable than the analogous homogeneous system. 
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Figure 1.25: The first example of air- and moisture-stable polystyrene-supported catalysts 
for Suzuki coupling. 
 
    
Bromoaromatic A  B  Pd(PPh3)4  
2-Bromo-5-nitropyridine 90 44 93 
3-Bromoquinoline 78 60 93 
4-Bromoaniline 56 36 39 
4-Bromoanilide 76 65 77 
1-Bromo-4-methoxybenzene 80 59 80 
4-Bromoacetophenone 98 58 92 
    
Table 1.12: Suzuki coupling of several bromoaromatics with phenylboronic acid utilizing 
catalyst A (0.2 mol%), B (3 mol%), or Pd(PPh3)4 (3 mol%) in 
Tol:EtOH:H2O (10:1:1). 
A related heterogeneous system was found to be active for the Suzuki coupling of 
aryl chlorides (specifically chloropyridines) with tolyboronic acids. However, this 
catalyst lacked the conjugation provided by the benzene ring in the analogous Fenger 
system (Figure 1.26).
135
 When this catalyst was employed in air under mild conditions, 
the hetero-coupled biaryl product was produced in high yields. Furthermore, yields of 86-





Figure 1.26: The air- and moisture- stable polystyrene catalyst reported by Inada et al. 
The synthesis of this type of catalyst was optimized by Bai et al. by introducing 
ultrasound into the standard protocol. The new methodology is summarized in Scheme 
1.29.
136
 Moreover, the catalysts were easily filtered and reused five times with retention 
of catalytic activity. Further optimization of the reaction conditions resulted in high 
yields from aqueous mixtures. Indeed, a yield of 93% was achieved for the reaction of 2-





Scheme 1.29: Ultrasound assisted syntheses of polystyrene-tethered Pd(II) catalysts. 
   
Solvents Ratio Yield [%] 
Benzene:H2O 5:1 48 
Toluene:H2O 5:1 32 
H2O - 96 
Ethanol:H2O 5:1 82 
Solvent-Free - 40 
   
Table 1.13: Microwave irradiation of the Suzuki coupling of 2-bromonaphthalene and 
sodium tetraphenylborate in H2O at 120 °C for 15 min. 
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Although the catalysts were exceptionally stable, the majority of them were 
significantly less active than those of the corresponding homogeneous catalysts. A 
remedy to this problem was to locate a (t–Bu2)P ligand equatorially on the palladium 
metal center. Colacot and co-workers successfully performed an ancillary ligand 
exchange with a FibreCat derivative in order to generate a new catalyst, TunaCat (Figure 
1.27).
138
 Unlike the commercially-available FibreCats, TunaCat activated the C–Cl bond 
of p-chloroacetophenone selectively with minimal leaching. Shortly thereafter, Wang et 
al. used TunaCat (renamed FibreCat-1032) for the Suzuki coupling of aryl halides with a 
variety of functionalized phenylboronic acids.
139
 The hetero-coupled product was formed 
after ten minutes of microwave irradiation, and subsequently purified through a Si-







-D8, FibreCat-Pd(MeCN) and TunaCat as 
examples of insoluble palladium catalysts.  
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In an attempt to tune the parent polystyrene palladium heterogeneous catalyst, 
Shieh and co-workers successfully tethered two polystyrene-bound triphenylphosphine 
ligands to one palladium metal center (Figure 1.28).
140
 This catalyst activated o-
bromoanisole in five consecutive cycles with 0.006-0.025% Pd leaching in EtOH:H2O 
mixtures. Remarkably, when the catalyst was used in toluene solution, even fewer 
palladium species were detected in the supernatant. However, the overall turnover 
frequency was significantly suppressed.   
 
 
Figure 1.28: Polymer-bound phosphine, PS-Pd(0). 
 An alternative method for converting homogeneous catalysts directly into 
heterogeneous catalysts was optimized by Buchwald et al. when the synthesis of a few 
polymer-supported dialkylphosphinobiphenyl ligands was reported. In this case, the 
resin-bound dicyclohexylphosphine ligands provided the first examples of successful 
activations of an aryl chloride with a solid-supported catalyst for the Suzuki-Miyaura 
cross-coupling reaction (Figure 1.29).
141
 Moreover, this catalyst system could be recycled 
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Figure 1.29: Polymer-supported dialkylphosphinobiphenyl ligands.  
 Plenio and co-workers also synthesized a few insoluble dialkylphosphinobiphenyl 
ligands as monomethyl polyethyleneglycol tagged phosphonium salts. Concurrently, the 
synthesis of MeOPEG–BnP–(1–Ad)2 was also reported, thus permitting for a direct 
comparison of the two bulky phosphine-palladium systems (Figure 1.30). The Buchwald 
type catalysts turned out to be more active than the robust catalyst, MeOPEG–BnP–(1–
Ad)2. Both systems were highly active toward aryl chlorides under mild reaction 
conditions and each of them maintained their activity with negligible leaching after 
subsequent reuse.
142
 Plenio et al. also investigated the use of soluble supports on BnP(1–
Ad)2, in which the ligand was anchored to poly(methyl)styrene (Figure 1.31). The 
corresponding palladium catalyst exhibited high activity toward activated aryl chlorides, 
and afforded yields as high as 86% even after separation, recovery, and reuse.
143
 Shortly 
thereafter, the Suzuki reaction conditions were expanded to include functionalized 
phenylboronic acids. Plenio applied nanofiltration techniques that allowed the catalyst to 







Figure 1.30: Monomethyl polyethyleneglycol-supported dialkylphosphinobiphenyl and 
MeOPEG–BnP–(1–Ad)2 ligands presented by Plenio et al. 
 
 
Figure 1.31: Poly(methyl)styrene-supported BnP–(1–Ad)2 ligand system presented by 
Plenio et al.. 
These heterogeneous catalysts presented in Figures 1.30 and 1.31 were found to 
be incredibly stable toward air and moisture, thus generating interest in the development 
of similar insoluble catalytic systems. For example, Yamada et al. developed a procedure 
for the self-assembly of such catalysts, in which the coupling of a non-cross-linked 
amphiphilic copolymer was attached to an inorganic entity. This process was designed 
originally for the production of tungsten catalysts for the epoxidation of allylic 
alcohols
145





 In the following year, the catalytic activity of these reusable 
catalysts for the Suzuki coupling of alkenyl halides and alkenylboronic acids was 
presented. Substantial turnover numbers were evident when the reactions were carried out 
in organic or aqueous media. Moreover, these catalysts could be recycled ten times 
without loss of activity.
147
   
 
 
Scheme 1.30: Synthesis of Yamada’s self-assembled palladium non-cross-linked 
amphiphilic copolymer. 
1.3.1.2 Polymer-supported N-Heterocyclic Carbene Ligands 
The majority of the heterogeneous catalysis exploration was performed on 
phosphine-based ligands, although a few examples have been reported for NHC-based 
catalysts that are insoluble. One of first examples of such catalysts was reported for the 
Heck reaction by Schwarz and co-workers. The catalyst was particularly active toward 





Shortly thereafter, Byun et al. designed a new polymer-supported Pd–NHC complex that 
satisfactorily generated C–C bonds.
149
 Unfortunately, however, this catalyst was only 
consistently active for aryl bromides with electron-donating substituents under optimized 
reactions conditions in a 1:1 DMF:H2O solution. These catalysts are illustrated in Figure 
1.32.   
 
 
Figure 1.32: Heterogeneous NHC‒Pd catalysts presented by Schwarz et al. (left) and 
Byun et al (right). 
Kim and co-workers reported an interesting protocol for the generation of 
heterogeneous NHC systems on polystyrene.
150
 A poly(imidazoliummethyl styrene)-
surface grafted-polystyrene catalyst was developed for the Suzuki-Miyaura cross-
coupling reaction. The catalyst was explored in DMF:H2O (1:1) solution at 50 °C along 
with phenylboronic acid and several aryl iodides. The anticipated biphenyl products were 
able to be isolated in reasonable yields.  
In an effort to model an insoluble Pd–NHC heterogeneous catalyst that was 
analogous to the phosphine systems (FibreCat), Lee et al. designed a new highly active 
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macroporous polystyrene-supported 1-mesitylimidazolium chloride resin catalyst (Figure 
1.33).
151
 This catalyst was capable of deactivating aryl chlorides to the desired hetero-
coupled products in DMF:H2O (2:1) in moderate yields. At the time, no other solid-
supported catalyst had oxidatively added the C–Cl bond in substrates that contained 
electron-donating groups.  
 
 
Figure 1.33: Polystyrene-supported NHC‒Pd catalyst reported by Lee et al. 
 One of the more unique examples of this type of heterogeneous catalyst was 
derived from theobromine via a four-step synthesis that resulted in the bis(carbene)–Pd 
complex (Figure 1.34). The catalyst was capable of activating the C–Br bond in m- and p-
bromotoluene, which resulted in moderate yields of the biphenyl products when carried 
out in water. Interestingly, this catalyst could be recycled three times with only a slight 








Silica has also been used as a solid support material for the heterogenization of 
homogeneous catalysts. Recently, the previously optimized homogeneous systems have 
been covalently bonded to the hydroxide groups on the silica surface, thus creating an 
extremely stable insoluble catalyst.
152
 This cost-effective solid support permits facile 
catalyst synthesis via either a sol-gel or a grafting procedure. The former method entails 
the hydrolysis-polycondensation of a functionalized trialkoxysilane with a silica source, 
whereas the latter method involves grafting the functionalized trialkoxysilane onto the 
silica source (Scheme 1.31).
153
 The commonly used silica precursors for the grafting 
method are SBA–15 (Santa Barbara Amorphous type material, no. 15), MCM–41 





Scheme 1.31: Grating vs. sol-gel method for the synthesis of supported imidazolium salts 
presented by Ranganath et al. 
1.3.2.1 Silica-supported Phosphine Ligands 
Cai et al. made significant contributions to this area of research in the late 1990s 
when they tethered several palladium compounds to silica supports using various 










 system performed the Suzuki coupling of activated aryl iodides 
with sodium tetraphenylborate in DMF solution in moderate yields. However, these 
heterogeneous species failed to couple either aryl chlorides or bromides.
159
 In the 




Further exploration of similar phosphorus-palladium supported catalysts was 
carried out by Tyrrell and co-workers using a bidentate phosphine ligand (Scheme 1.32). 
The two-step synthesis resulted in a catalyst with an average loading of 0.4 mmol g
–1
, 
that successfully activated the C–I bond of a few different iodobenzenes in the 
Sonogashira reaction.
161
 The foregoing reaction conditions were later expanded to 
include aryl bromides, for which the catalyst remained active for four consecutive 
catalytic cycles.
162
 In contrast to the analogous polystyrene-tethered system, Tyrrell’s 
catalyst did not require pre-swelling of the catalytic entity, thus rendering the silica-based 
catalytic systems more efficient than the corresponding polystyrene-based systems.  
 
 
Scheme 1.32: Synthesis of a bidentate phosphine ligand tethered to silica.  
A similar Pd-phosphine complex was designed by Chen and co-workers, in which 
the tether length of the previous example was extended significantly (Figure 1.35). This 
complex was found to be a highly active catalyst for the Suzuki-Miyaura cross-coupling 
reaction, particularly when employed at ambient temperature in aqueous media. 
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Moreover, the catalyst was easily separated and recovered and could be successfully 
reused ten times with negligible loss of reactivity. The aryl chlorides that were 
investigated never fully converted to the desired hetero-coupled product.
163
 Concurrently, 
Wang et al. developed a trans-analog of Chen’s catalyst with a smaller tether length 
(Figure 1.36). This catalyst activated aryl iodides and bromides in dioxane solution at 80 





Figure 1.35: Silica-supported cis-phosphine-palladium heterogeneous catalyst. 
 
 
Figure 1.36: Silica-supported trans-phosphine-palladium heterogeneous catalyst. 
In an attempt to develop a new methodology for the activation of aryl chloride 
substrates in the Suzuki reaction, Fukaya et al. investigated the relationship between the 
catalytic activity and the properties of the palladium-silica linker. Five different catalysts 
were produced with various connectivities to the Pd-silica tether, in addition to the 
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synthesis of SiO2–Pd as a heterogeneous control catalyst (Figure 1.37). The surface area 
and pore volume of each complex were found to be inversely proportional to the number 
of linkers in each complex (Table 1.14). However, the opposite trend was observed for 
the catalytic activities of these complexes in the Suzuki coupling of p-chlorobenzoic acid 
ethyl ester and phenylboronic acid. The catalysts with a tripodal linker exhibited high 












    








] Yield [%] 
A 603 0.84 23 
B 676 0.88 74 
C 993 1.26 13 
D 705 0.84 23 
E 980 1.31 11 
SiO2–Pd 956 1.39 - 
    
Table 1.14: Surface areas, pore volumes and catalytic activities of five phosphine-
palladium heterogeneous catalysts on silica. 
1.3.2.2 Silica-supported N-Heterocyclic Carbene Ligands 
In 2003, Zhao et al. tethered the first NHC ligand to a silica-support (Figure 
1.38).
166
 This ligand was treated with palladium(II) acetate in order to form catalytically 
active species in situ for the Suzuki reaction. In ethanol solution, the ligand-Pd system 
coupled sterically-hindered aryl bromides with functionalized organoboranes at ambient 
temperature in high yields. Moreover, this heterogeneous system was easily synthesized 
and was found to be air and moisture stable. 
 
 
Figure 1.38: The first example of an NHC‒silica ligand. 
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Shortly thereafter, Gürbüz and co-workers designed a Pd-imidazoline complex 
that was tethered to silica. The trans-NHC-palladium complex was produced utilizing the 
sol-gel method, in which tetraethoxysilane was prepared by means of hydrolysis in an 
assortment of organic reagents (Figure 1.39).
167
 This complex was surprisingly active for 
the Suzuki-Miyaura reaction. In the case of p-chlorotoluene, the heterogeneous catalyst 
promoted the activity of the C–Cl bond and afforded the functionalized biphenyl product 
in 82% yield. Furthermore, the catalyst was shown to retain activity after five consecutive 
trials in contrast to the deactivation of Pd/C after three subsequent cycles.  
 
 
Figure 1.39: Silica-imidazoline-palladium complex active for aryl chlorides. 
 In an attempt to optimize their catalyst, Gürbüz and co-workers synthesized a cis–
NHC–Pd analog. Interestingly, this catalyst employed strong Pd–C bonds instead of the 
previously favored Pd–N bonds (Figure 1.40).
168
 All of the aryl chlorides were activated 
by this heterogeneous catalyst and the desired hetero-coupled products were produced in 
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high yields. Unfortunately, this catalyst could only be active for four cycles of subsequent 
use and recovery.  
 
 
Figure 1.40: Pd-NHC-silica complex described by Gürbüz et al. 
An alternative method for grafting palladium complexes onto silica was 
developed by Karimi and Enders. In this case, the catalyst was generated from a Pd–
NHC/ionic liquid matrix (Figure 1.41a).
169
 This catalyst maintained thermal stability up 
to 280 °C, in addition to producing turnover numbers of 36,600 for the Heck reaction. 
Furthermore, the catalyst was reused in four subsequent trials. A similar catalyst was 





 in DMF solution at 140 °C (Figure 1.41b).
170
 It was determined by means of hot 
filtration and poisoning tests that Aksin’s compound was producing leached catalysts for 





Figure 1.41: (a) cis-Pd-NHC-silica complex presented by Karimi (b) trans-Pd-NHC-silica 
complex presented by Aksin. 
The results reported by Karimi and Aksin for the Heck reaction stimulated the 
interest of other research groups, particularly those of Qiu and Lee. The latter authors 
were interested in developing analogous systems to those described for Karimi and 
Enders’s original Pd-NHC-silica catalyst. In fact, Qiu replicated the cis catalyst and 
optimized the Suzuki-Miyaura reaction conditions for reactivity in aqueous media. This 
catalyst operated extremely well with aryl iodides and bromides, but only produced 





 On the other hand, Lee et al. isolated the trans isomer and 
proposed a structure for this novel system (Figure 1.42). The resulting heterogeneous 
catalyst exhibited high activity with aryl bromides at ambient temperature. Moreover, the 





Figure 1.42: Illustration of several palladium complexes anchored to a silica particle as 
reported by Lee et al. 
The bis(carbene) catalysts were believed to provide optimal reaction conditions 
for Suzuki couplings. However, the role of the chloride ions on the palladium metal 
center was still being investigated. Tandukar and co-workers performed an ancillary 
ligand exchange in order to coordinate either dodecane sulfonate or p-toluene sulfonate 
groups to the palladium metal center of the heterogeneous catalyst (Figure 1.43). Both 
aryl iodides and aryl bromides were converted to the biphenyl product in moderate yields 
in 1:1 IPA:H2O solution. The nanoparticles were easily removed and recycled five times 
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Figure 1.43: NHC-Pd-OSO2R heterogeneous catalysts active for both the Suzuki and 
Heck reactions. 
Following the success of Tandukar, Polshettiwar et al. replaced the originally 
used chloride substituent with iodide ligands in their heterogeneous catalyst design. The 
sol-gel method was employed for the production of these catalysts, thus this system was 
to be the first Pd-NHC complex attached to an organic-silica. An array of aryl bromides 
was activated by means of microwave irradiation which resulted in turnover numbers up 
to 16,385. This catalyst was recycled five times without detectable leaching.
174
  
Tyrrell and co-workers employed bromide ligands in the trans catalyst, and 
discovered a direct correlation between the size of the heterogeneous catalyst and the 
catalytic activity. For the first time, direct evidence was obtained to support the 
hypothesis that bulkier systems were advantageous for these types of C–C cross-coupling 
reactions. Interestingly however, this catalyst was never found to be primarily selective 






The standard reaction conditions for the heterogeneous Suzuki-Miyaura coupling 
of aryl halides with organoboranes typically includes an organic solvent and temperatures 
in the range of 80-150 °C. Normally, toluene and N-methyl-2-pyrrolidone (NMP) are 
employed as the principal solvents, even though high catalytic activities have been 
measured for polar organic solvents. The high selectivity of the anchored catalysts in 
such solvents has been attributed to leaching of Pd metal from the heterogeneous system. 
In order to negate excessive characterization of the active species, organic solvents have 
been favored for these types of C–C bond forming reactions.  
Gruber-Woelfler and co-workers examined the activity of the Pd(OAc)2-BOX-
MPSG ligand system with several common organic solvents at various temperatures 
(Figure 1.44 & Table 1.15).
176
 In all the solvents that were studied, an insignificant 
amount of palladium leaching into the reaction solution was measured. This observation 
remained consistent even for systems that were examined at high temperature, thus 
demonstrating the substantial thermal stability of the heterogenised Pd complex. The 
latter catalyst was recycled successfully ten times with full retention of catalytic activity.  
 
 






















     
Table 1.15: Yields of Pd(OAc)2-BOX-MPSG catalyst for toluene, DMAc, NMP, DMF 
(DMF at 150 °C). 
 In an attempt to perform a Suzuki-Miyaura reaction in a green solvent, Wolfson et 
al. investigated the catalytic properties of several heterogeneous Pd species in glycerol. 
Interestingly, the catalysts were more active for the Heck reaction than the analogous 
Suzuki reaction. The pertinent reaction data are presented in Table 1.16.
177
 When 
PdCl2(TPPTS)2 was employed in the presence of Na2CO3, the biphenyl product was 
produced in the highest yields. Finally, Glycerol was found to be the most appropriate 
solvent for both the Suzuki and Heck cross-coupling reactions.  
 
 
   
Catalyst Base Yield [%] 
PdCl2(TPPTS)2 Et3N 83 
PdCl2(TPPTS)2 Na2CO3 94 
Pd(OAc)2(TPPTS)2 Et3N 66 
Pd(OAc)2(TPPTS)2 Na2CO3 75 
PdCl2(DPPF)2 Na2CO3 82 
   
Table 1.16: Suzuki coupling of a few heterogeneous catalysts using Et3N or Na2CO3; 
Reaction conditions: Pd (2 mol%), μw-oven assisted reactions (26-89 °C). 
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These examples underline the high reactivities of such heterogeneous Pd catalysts 
in a variety of organic solvents under mild reaction conditions, of which a few even 
exhibited appreciable activities at ambient temperature. These promising results 
generated interest in using these insoluble Pd complexes in green media for the purpose 
of room temperature Suzuki-Miyaura cross-coupling reactions.
178
 One of the most 
prominent examples of aqueous reactions of this type was the previously mentioned Bai 
and Wang work, in which sodium tetraphenylborate was coupled with p-
bromoacetophenone, thereby generating the hetero-coupled product in 78-95% yield. 
Surprisingly, the polymer-supported Pd catalyst exhibited enhanced behavior in neat 
water rather than aqueous mixtures or pure organic solvents.
137
   
Uozumi designed several polymer-bound PR3 complexes on account of their 
activities in aqueous media. In this work, mono- and bidentate ligands were anchored to 
polystyrene, followed by metalation with [PdCl(η
3
-C3H5)]2 (Figure 1.45). Of these 
complexes, PS-PEG-adppp-Pd exhibited the highest activity in water for aryl bromides 
with phenylboronic acids. The recyclability of these catalysts was not examined.
179,180
     
 
 
Figure 1.45: Polystyrene-supported palladium catalysts for the Suzuki reaction. 
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In the interest of designing new insoluble catalysts for the epoxidation of 
alcohols,
145
 Yamada and co-workers developed a triphasic catalyst that also activated C–
X bonds. This previously discussed catalyst self-assembled and subsequently performed a 
Suzuki coupling involving iodobenzene. Furthermore, this catalyst retained activity for 
ten consecutive trials.
147
 On the basis of a collaboration between Yamada and Uozimi, a 
new 3-D Pd-phosphine network was synthesized and used under Suzuki-Miyaura reaction 
conditions (Figure 1.46). This catalyst exhibited remarkable reactivity at low loadings 
(0.05 mol%), particularly when used for the coupling of aryl bromides with various 
functionalized phenylboronic acids. The biphenyl products were isolated in high yields 





Figure 1.46: 3-D Pd-phosphine network reported by Yamada and Uozimi et al. 
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The majority of the examples of heterogeneous palladium complexes generated 
for use in Suzuki couplings are phosphine ligand-based. Although several of the previous 
Pd–NHC catalysts were employed in aqueous solutions, very few examples of Pd–NHC 
complexes in pure water can be found in the literature. Nevertheless, Kim and co-workers 
produced a PS‒PEG‒NHC‒Pd complex that is active for both aryl iodides and bromides 
in pure water. Furthermore, it could be recycled five times with only a gradual reduction 
in the production of biphenyl compounds (Figure 1.47).
150
 Complete conversion of 
unactivated aryl bromides was observed at 50 °C. 
 
 
Figure 1.47: PS‒PEG‒NHC‒Pd complex synthesized by Kim et al. 
1.4 HOMOGENEOUS VS. HETEROGENEOUS CATALYSIS 
In the past few decades, several catalysts have been designed for the activation of 
C–X bonds for a variety of cross-coupling reactions. These homo- and heterogeneous 
catalysts were synthesized and characterized in the solid state prior to being introduced 
into the liquid-phase. Unfortunately, these catalysts have been rarely studied post-
reaction, which resulted in ambiguous assignments of the truly active catalytic species. In 
the case of the Suzuki-Miyaura reaction, it has been demonstrated that upon occasion the 
soluble palladium species can dissociate from the homo- or heterogeneous complex and 
generate molecular Pd species that exhibit significant catalytic activity.
182
 In light of 
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these observations, a few simple experiments were developed to eliminate the obscurity 
of the active palladium entity.  
1.4.1 Identification of the Active Species 
One of the prevalent tests was established by Sheldon and co-workers during their 
investigation of epoxidation reactions, with the objective of determining the active 
catalytic species.
183
 The hot filtration test (or split test) is an efficient technique for 
establishing the presence of any leached soluble Pd entities. For this examination, either 
the homo- or heterogeneous catalyst can be employed under optimized reaction 
conditions and allowed to reach completion. Immediately following the completion, the 
hot reaction mixture was separated by means of a centrifuge into solid and liquid 
components. The supernatant and precipitate were then injected into separate reaction 
vessels containing fresh reagents. This precipitate reaction system required the addition 
of fresh solvent. Each entity was then monitored for evidence of any new biphenyl 
production in order to determine the location of the actual catalytic species. In the case of 
a homogeneous catalyst, the generation of the hetero-coupled product from the 
supernatant layer indicates the presence of molecular Pd complexes. On the other hand, if 
the precipitate exhibits reactivity toward the aryl halides, this implies that soluble Pd 
species have been leached from the molecular catalyst and are therefore responsible for at 
least some portion of the catalysis. In the case of a heterogeneous catalyst, the opposite 
effects would be expected. Because only 50 ppb is required for the construction of C–C 
bonds, a hot filtration test must be utilized in conjunction with another catalyst in order to 
unequivocally prove the nature of the homo- or heterogeneous catalyst.  
A favored secondary analysis of the active catalyst is commonly referred to as the 
Mercury test. For this experiment, liquid Hg(0) is added to the pertinent reaction mixture, 
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hence any catalysts that might be present in a cycle containing a Pd(0) intermediate are 
poisoned. The experimental evidence for this examination is evident from the immediate 
termination of the Suzuki reaction. For example, Foley and Anton supplemented their 
reaction conditions with liquid mercury and observed no measurable changes in the 
catalytic system, thus confirming the homogenous character of their catalysts.
10,184
 
The scientific community has resisted similar proclamations for homogenous 
systems, since the mercury test was originally devised for the examination of 
heterogeneous character. As a consequence, DuPont and Phan have debated the value of 
a positive mercury test. In fact, DuPont asserted that a mercury test can “confirm a 
homogeneous catalytic system but not a heterogeneous one,”
185
 whereas Phan contended 
that “the observation that Hg(0) does not affect the catalysis can confirm a mechanism 
that does not involve unprotected Pd(0) (soluble or supported), whereas an observation 
that Hg(0) quenches the activity may be consistent with a Pd(0) intermediate.”
182
 
Ultimately, however, the addition of liquid mercury will at least indicate the nature of the 
active catalyst.  
A few alternative methods have also been introduced for soluble catalysts. The 
most common catalyst poisons for homogeneous catalysts are thiophene, CS2, DCT, and 
PPh3.
184
 If less than one equivalent of catalyst poison (relative to Pd) terminates the 
reaction, the catalyst is believed to operate under heterogeneous conditions. This is 
particularly difficult with respect to Suzuki-Miyaura cross-coupling reactions since the 
exact quantity of the catalyst is rarely established. On this account, a new catalyst poison 
was proposed recently by Phan, in which the cross-linked poly(vinylpyridine) effectively 





The ambiguity of the active catalysis in homo- and heterogeneous catalysis 
became even more problematic when Leadbeater and co-workers discovered that 
commercially-available sodium carbonate reagents contained trace amounts of Pd 
species.
186
 DuPont expanded the study to determine the amount of residual Pd on reaction 
equipment that was used for moderate catalysis of the Heck reaction.
187
 Moreover, 
Kashin and co-workers recently proposed the presence of several additional Pd 
contaminants stemming from the environment, auto catalyst exhaust, or magnetic-stirbar 
Pd remnants. Furthermore, they suggested that all future catalysis should be performed 
using clean room technology if at all possible.
188
  
1.4.2 Homoeopathic Systems 
A significant breakthrough for this difficult predicament was presented by De 
Vries in 2003 when the kinetic parameters of Pd(OAc)2 and a common palladacycle were 
directly compared.
189
 Both catalysts provided comparable kinetic data for a variety of 
activated and deactivated aryl bromides, specifically at low catalyst loadings. 
Furthermore, a unique relationship between catalyst loading and turnover frequency was 
detected, thus indicating the establishment of equilibrium between molecular Pd species 
and soluble Pd(0) clusters. The unusual decrease of turnover frequency with an increase 
of catalyst loading became a definitive characteristic of these homeopathic systems. The 







Scheme 1.33: Homeopathic mechanism presented by De Vries et al. 
The most recent development on these types of mixed homo- and heterogeneous 
catalytic systems was proposed by Ananikov et al,
191
 who suggested the existence of two 
distinct categories of catalysis, namely single-type and cocktail-type. The former 
mechanism entails a fully-characterized catalyst with tightly-bound ligands that maintains 
its chemical structure, whereas the latter system experiences metal-ligand degradation 
thereby producing a “cocktail” of palladium-based clusters and nanoparticles (Scheme 
1.34).
188
 The combination of these systems represents the active Pd species for the 





Scheme 1.34: Mechanism of the cocktail of molecular complexes, metal clusters, and 




Chapter 2:  Bis(imino)acenaphthene (BIAN)-supported palladium(II) 
carbene complexes as effective C‒C coupling catalysts and solvent 
effects in organic and aqueous media 
2.1 ABSTRACT 
The synthesis and catalytic properties of two new 1,2-acenaphthenyl N-
heterocyclic carbene-supported palladium(II) catalysts are presented. The acenaphthenyl 
carbene has been prepared with mesityl or 2,6-diisopropyl N-aryl substituents. 
Comprehensive catalytic studies for the Suzuki coupling of aryl halides with aryl boronic 
acids have been conducted. In general, the diisopropyl-functionalized catalyst showed 
superior selectivity and reactivity. A comparison of the catalytic performances in 
dichloromethane, toluene and water at low temperatures (30−40 ºC) is also presented.  
Both catalysts were proficient in the homogeneous Suzuki coupling of aryl iodides, 
bromides and chlorides with boronic acids in dichloromethane. Similar reactions in water 
led to the formation of insoluble colloidal catalytic species that still exhibited high 
activity in the Suzuki reaction with aryl chlorides. Reactions performed in toluene 
showed intermediate results; partial catalyst decomposition led to concomitant 
homogeneous and heterogeneous catalysis. The heterogeneous palladium precipitates 
could be easily recovered by filtration and reactivated for subsequent use. Activation 
energies determined for aryl bromide-based Suzuki reactions were found to be in the 
range of 159−171 kJ mol
‒1
 in organic solvents and 111−116 kJ mol
‒1
 in water. The 
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The Suzuki-Miyaura cross-coupling reaction is used extensively in industrial 
processes for the formation of carbon-carbon bonds.
192
 This reaction plays an important 
industrial-scale role for the production of natural products, pharmaceuticals, and 
agrochemicals.
193–195
 Typically, Suzuki coupling is performed in an organic solvent using 
homogeneous catalysts that are designed to generate exclusively the hetero-coupled 
biaryl product. The C‒C coupled products are obtained by the treatment of an aryl halide 
with an organoborane in the presence of a suitable base (Scheme 1.3)
196 
Complexes based 
on Group X metals are the most proficient in this task and can be rendered soluble in 
appropriate organic solvents using a range of spectator ligands such as 3-chloropyridine, 
triethylamine, and allyl moieties.
197–9
 Suzuki catalysts often employ bulky phosphine 
ligands that result in optimal catalytic activity and selectivity. However, phosphine 
ligands are typically susceptible to oxidation and metal-ligand degradation.
56,67,200
 As a 
consequence, N-heterocyclic carbenes (NHCs) have attracted interest as more stable 
supporting ligands. NHCs feature a significantly stronger electron donating character 
than phosphines, which enhances the stability of resulting complexes towards heat, air 
and moisture. The strong σ-donating ability of the NHCs also promotes oxidative 
addition of aryl halides and can assist in reductive elimination of biaryl products.
85,201
  
Recent advances in ‘green’ Suzuki coupling have focused on developing catalysts 
that are easily recoverable and can operate in environmentally benign solvents. Some 





 and single-site catalysts grafted onto insoluble support media 
(e.g., silica or alumina).
208–210
 For example, Sekar et al. generated active catalysts for 





 These nanoparticles formed quantitatively C‒C bonds even 
after several cycles of catalyst use and recovery.
202
 Meanwhile, Ma et al. have prepared 
active Pd(II) Suzuki catalysts by direct anchoring to SBA-16-type silica, which afforded 
an easily recoverable and recyclable heterogeneous composite catalyst that showed 
excellent activity even after prolonged recycling.
208  
The pursuit of greener Suzuki catalysts has also resulted in the development of 
molecular complexes that are catalytically active in environmentally-benign and 
renewable solvents, such as water. Morales-Morales et al. utilized water-soluble pincer 
ligands in aqueous media to convert p-substituted aryl bromides to the corresponding 
hetero-coupled biphenyl products in appreciable yields.
211
 Such aqueous reactions raise 
an important question: do homogeneous molecular catalysts remain intact during Suzuki 
reaction conditions, or do the catalysts decompose to generate new (presumably 
heterogeneous) catalyst species? A technique that is commonly employed to address this 
question involves the injection of excess Hg(0) into the reaction mixture to poison any 
leached Pd(0) species.
184,10
 Alternatively, the likely identity of the active Suzuki cross-
coupling species can be determined via a filtration test, in which the reaction is 
interrupted, and then separated into a supernatant layer and a precipitate; both phases are 




In the present work, two new 1,2-acenaphthenyl N-heterocyclic carbene-
supported palladium(II) catalysts have been synthesized with the objective of assessing 
their comparative performance in the Suzuki reaction, when conducted in polar and 
nonpolar organic solvents, and in aqueous media. In general, it was found that these 
catalysts consistently behaved as stable homogeneous catalysts in organic solvents, and 
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decomposed to give less well-defined, but still highly active heterogeneous catalyst 
species in water. In fact, reactions performed in water significantly enhanced the activity 
of the original Pd(II) catalysts, based on measured rate constants and activation energies. 
In addition, both catalysts studied here were able to activate aryl chloride feedstocks in 
all solvents. Consideration of the trend in activation energies for the aryl halides (C‒Cl > 
C‒Br > C‒I; 407, 346, 280 kJ mol
−1
, respectively) reveals that aryl chlorides are 
significantly the least reactive, yet they are industrially the most attractive because heavy 
halogenated by-products can be avoided.
6 
In this study, appreciable yields of cross-
coupled products were obtained using aryl chlorides at temperatures as low as 40 °C.    
2.3 RESULTS AND DISCUSSION 
2.3.1 Catalyst synthesis and structures 
The present work has focused on the catalytic activities of two related Pd(II)‒
carbene complexes with the objective of expanding the scope of this family of catalysts. 
The carbene ligands in question (A-I and A-II) were prepared using the previously 
reported route for B-II (Scheme 2.1).
214 
The silver(I)–carbene complexes B-I and B-II 
were treated directly with PdCl2(PPh3)2 in toluene to give the corresponding Pd(II) 
complexes, (IMes)PdCl2PPh3 (1) and (IPr)PdCl2PPh3 (2) by transmetalation and 
elimination of AgCl (Scheme 2.1; see experimental section for further synthetic details). 
The single crystal X-ray diffraction structure of 2 was obtained by growing suitable 
crystals by slow evaporation of CH2Cl2 in air (Figure 2.1 and Table 2.1). The metal site 
Pd1 in 2 displays a somewhat distorted square-planar environment, most likely imposed 
by the steric bulk of the N-diisopropyl aryl groups that are rotated approximately 





 The Pd1−C1 bond distance is 2.04 Å, while the trans-oriented 
phosphine Pd1−P1 bond is 2.32 Å. The average Pd‒P bond length obtained from a survey 
of similar NHC-Phosphine Pd(II) structures in the CCDC is somewhat shorter, at 2.267 
Å. This may be indicative of a particularly strong trans influence exerted by the 
acenaphthene carbene ligand. As expected, the fused five- and six-membered aromatic 
acenaphthene structure in 2 displays a distinct curvature with a maximum out-of-plane 
displacement of 0.18(2) Å degrees with respect to the C1−N1−C2−C3−N2 mean plane.  
 
 
Scheme 2.1: Syntheses of palladium catalysts 1 and 2. 
 





Length (Å) Angles (°) 
Pd1−Cl1 2.295(2) Cl1−Pd1−Cl2 172.82(10) 
Pd1−Cl2 2.321(2) C1−Pd1−Cl1 92.2(2) 
Pd1−C1 2.041(7) C1−Pd1−Cl2 90.4(2) 
Pd1−P1 2.324(2) C1−Pd1−P1 173.2(2) 
C2−C3 1.356(12) N1−Pd1−N2 107.3(7) 
    
Table 2.1: Selected bond distances and angles of 2. 
Tu et al. recently reported the synthesis of a related NHC complex that was 





 Merino et al. have developed a similar Ru-based 
complex that is capable of ring closing metathesis.
219
  
2.3.2 Suzuki coupling by catalysts 1 and 2 with aryl iodide, bromide and chloride 
precursors 
The catalytic activities of 1 and 2 with respect to Suzuki-Miyaura cross-coupling 
reactions were initially explored with aryl iodides (0.216 mmol), phenylboronic acid 
(0.259 mmol) and K2CO3 (0.647 mmol) in toluene, CH2Cl2, or H2O (3.0 cm
3
). These 
solvents were chosen as examples of nonpolar and polar aprotic solvents, and polar protic 
solvents, respectively. Prior to injection of the catalyst, all reaction mixtures were stirred 
at 40 °C until all solids had dissolved.  
The catalyst loadings were determined using UV-vis spectrophotometry (Figures 
2.2-3), and 1 or 2 was rapidly injected into the reaction mixture at t = 0. The reaction 
mixtures were then stirred at 40 °C for 20 h. A summary of the outcomes of these 
reactions are presented in Table 2.2. 1 and 2 both converted p-iodobenzaldehyde into the 
desired hetero-coupled product with greater than 91% selectivity (determined by GC 
analysis; Table 2.2). The observed catalytic activities revealed a significant dependence 
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on the nature of the solvent: the catalysts exhibited extremely low activities in CH2Cl2 
(Table 2.2; entries 1b & 2b), but achieved 77‒81% conversions in toluene (Table 2.2; 
entries 1a & 2a) and complete conversion in H2O (Table 2.2; entries 1c & 2c). 
 
 
Figure 2.2: Absorption spectrum of 1 in CH2Cl2 with with ʎmax = 308 nm.  Beer’s law 
was used to determine ε from a calibration curve created with ten data points 






 = 0.9918).     
 
Figure 2.3: The absorption spectrum of 2 in CH2Cl2 with ʎmax = 309 nm.  Beer’s law was 
used to determine ε from a calibration curve created with ten data points in 












     








1 1a 81.5 99.7 
1b 4.6 91.2 
1c 100 97.1 
2 2a 77.3 99.6 
2b 23.3 97.3 
2c 100 97.9 
     
Table 2.2: Suzuki-Miyaura biaryl coupling of aryl iodides by 1 and 2; Reaction 
conditions: aryl iodide (0.216 mmol), phenylboronic acid (0.259 mmol), 
K2CO3 (0.647 mmol), 1 or 2 (1.0 mol % Pd), solvent (a-toluene, b-CH2Cl2, 
c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored by GC. 
Suzuki-Miyaura cross-coupling reactions were expanded to the use of aryl 
bromides under otherwise identical reaction conditions; the results of these reactions are 
summarized in Table 2.3. 1 and 2 exhibited comparable percentage conversions and 
selectivities of p-bromobenzaldehyde (Table 2.3; entries 3-8) to those of analogous 
reaction conditions with the iodo- precursor. Again, the highest conversion was obtained 
for H2O. Interestingly, the catalytic activities appeared to be unaffected by the functional 
group position on the bromobenzaldehydes. The bromoanisoles revealed a substantial 
dependence on the nature of the solvent as well as on the location of the methoxy 
functional group. In aqueous solution, the bromoanisoles yielded slightly lower 
conversions and selectivities than those of the analogous bromobenzaldehydes (Table 
2.3; entries 9c, 10c, 13c, & 14c). Selectivity for the desired hetero-coupled products was 
generally high (70−100%) for aldehyde-substituted precursors, regardless of the 
96 
 
substitution pattern, solvent or catalyst employed (Table 2.3; entries 3−8). However, 
much greater variation in selectivity was observed for methoxy-substituted precursors 
(0−99%). Most notably, catalyst 1 did not yield any of the hetero-coupled biphenyl 
products from m-bromoanisole in H2O, yet catalyst 2 was highly selective under the same 
conditions (Table 2.3; entries 11c & 12c). It is difficult to identify clear trends in the 
observed reactivity; the variation in selectivities is likely due to inter-play of steric, 
electronic and solvation effects. In general, both catalysts were significantly less active 
when tested in both polar and apolar organic solvents. Less than 50% conversion to the 
hetero-coupled product was obtained when the bromoanisoles were used (Table 2.3; 
entries 9-14a,b) with the exception of 1 in CH2Cl2 (Table 2.3; entry 13b). It is of 
particular note that the catalysts were considerably more selective in CH2Cl2 than in 




     







1 3a 92.3 84.4 




2 4a 84.3 79.8 
4b 59.0 90.4 
4c
a
 92.3 100 





Table 2.3 (continued) 
     







1 5a 77.8 83.4 
5b 60.4 97.6 
5c
a
 98.1 95.7 
2 6a 72.5 69.3 
6b 79.9 88.3 
6c
a
 92.9 97.1 
     
 
1 7a 87.5 92.1 
7b 82.2 99.8 
7c
a
 100 100 
2 8a 86.6 86.6 
8b 81.4 98.5 
8c
a
 99.3 96.1 
     
 
1 9a 31.7 13.4 
9b 46.4 91.5 
9c 93.6 84.6 
2 10a 37.3 14.3 
10b 43.1 67.9 
10c 91.3 95.5 
     
 
1 11a 44.9 31.0 
11b 2.8 76.3 
11c 33.1 0 
2 12a 39.8 22.5 
12b 52.9 77.3 
12c 62.9 99.1 
     
 
1 13a 47.9 24.4 
13b 60.9 95.9 
13c 100 99.5 
2 14a 46.1 22.1 
14b 34.3 78.9 
14c 90.8 89.0 





Table 2.3 (continued) 
     







1 15a 43.9 58.5 
15b 93.0 92.4 
15c 100 100 
2 16a 50.5 54.5 
16b 100 88.5 
16c 96.6 89.1 
     
 
1 17a 44.3 39.7 
17b 68.9 90.2 
17c 100 100 
2 18a 41.2 25.5 
18b 60.1 81.6 
18c 98.6 76.7 
     
Table 2.3: Suzuki-Miyaura biaryl coupling of aryl bromides by 1 and 2; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), 
K2CO3 (0.811 mmol), 1 or 2 (1.0 mol % Pd), solvent (a-toluene, b-CH2Cl2, 
c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored for conversion by 
GC. 
a 
0.1 mol % Pd. 
Interestingly, the catalysts were not only more active in reactions employing p-
functionalized aryl halides, but they were also significantly more selective. p-
Bromotoluene and p-bromoethylbenzene were selected to assist in the examination of the 
apparent regioselectivity (Table 2.3; entries 15c & 16c). In contrast to the 
bromobenzaldehydes and the bromoanisoles, high conversion completeness of the 
substrate to the desired hetero-coupled product was evident for reactions performed in 
both H2O and CH2Cl2 (Table 2.3; entries 15-18b,c). However, these catalysts were found 
to be significantly less active in toluene, since 1 and 2 not only exhibited less than 50% 
conversion, but were also selective for the undesired homo-coupled product (Table 2.3; 
entries 15-18a). Both 1 and 2 could activate C‒Br bonds in all three solvents with similar 
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conversions and selectivities at lower catalyst loadings (0.1−1.0 mol%). The catalysts 
appeared to be more active in aqueous media than either organic medium, in which the 
catalytic activities were only moderate. The catalytic activities in apolar toluene were 
generally high when halogenated benzaldehydes were employed. The overall conversion 
values decrease dramatically for coupling reactions performed using methoxy- and 
aliphatic-substituted reagents, under otherwise identical conditions. However, both 
catalysts were highly selective for the homo-coupled products. 1 and 2 activated the C‒X 
bond most readily for para-substituted reagents, presumably due to a combination of 
preferential steric and electronic effects of the incoming precursors. The steric demands 
of the bulky aldehyde and methoxy- functional groups may also protect the C‒Br bond 
from engaging in competing oxidative addition reactions.       
Following the optimization of 1 and 2 for the Suzuki coupling of aryl bromides, it 
was decided to explore the use of aryl chlorides. Aryl chlorides are the most important 
industrial target, since they are both cost effective and generate significantly less 
harmful/corrosive by-products than the analogous aryl bromide and iodides. In our 
studies, the higher bond dissociation energy of the C‒Cl bond resulted in the need for 
significantly longer reaction times than those for C‒Br to achieve comparable overall 
conversions at the same reaction temperature (Table 2.4). Catalyst 1 activated the carbon-
chloride bonds with conversions in the range of 13−42% and 76−88% for organic and 
aqueous solvents, respectively (Table 2.4; entries 19, 21 & 23). In contrast, 2 resulted in 








     








1 19a 42.1 7.2 
19b 18.0 15.8 
19c 87.8 27.0 
2 20a 44.6 23.4 
20b 59.7 100 
20c 100 92.3 
     
 
1 21a 40.6 1.4 






2 22a 42.0 8.9 
22b 39.6 28.4 
22c 96.9 78.8 
     
 
1 23a 29.7 11.4 
23b 13.2 12.1 
23c 83.9 89.1 
2 24a 45.2 26.0 
24b 64.7 79.8 
24c 96.1 86.5 
     
Table 2.4: Suzuki-Miyaura biaryl coupling of aryl chlorides by 1 and 2; Reaction 
conditions: aryl chloride (0.357 mmol), phenylboronic acid (0.429 mmol), 
K2CO3 (1.07 mmol), 1 or 2 (1.0 mol % Pd), solvent (a-toluene, b-CH2Cl2, c-





79.3% selectivity for bifunctionalized homo-coupled biaryl product. 
As previously observed for the use of brominated reagents (vide supra), a broad 
range of selectivity values were measured using ortho-, meta- and para-substituted 
chlorobenzaldehydes. However, catalyst 2 was consistently more selective than 1 in all 
solvents. In fact, catalyst 1 only gave appreciable yields of the hetero-coupled product 
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when operated in H2O. In contrast, 2 was moderately, or highly selective in CH2Cl2 or 
H2O. Interestingly, the rarely-observed bifunctionalized homo-coupled product (4,4′-
biphenyldicarboxaldehyde) was obtained from a 2.0 mol% loading of 1 with 79.3% 
selectivity from m-chlorobenzaldehyde (Table 2.4; entry 21c). For para substituted 
reagents, 1 was 89.1% selective for the desired product (Table 2.4; entry 23c). 
Conversely, 2 always created the hetero-coupled product as the major product in greater 
than 96% conversion with selectivities of 92, 79, and 87% for the ortho (Table 2.4; entry 
20c), meta- (Table 2.4; entry 22c), and para- (Table 2.4; entry 24c) positions, 
respectively. From this data, there is no obvious trend that relates total conversion 
(reaction rate) to the corresponding degree of product selectivity. This infers that catalyst 
structure and/or solvation effects play important roles in the reaction. 
2.3.3 A quantitative assessment of the effect of solvent system upon Suzuki coupling 
by catalysts 1 and 2 
The above studies proved that catalysts 1 and 2 were able to convert a broad range 
of aryl iodides, bromides and chlorides into the desired functionalized biphenyl products 
with varying degrees of proficiency in the three contrasting solvent systems. As might be 
expected, the trends in activity appeared to depend in part on the electronic influence of 
the R group on the aryl halide precursors. For example, whereas OMe substituents greatly 
deactivated the C‒X bond activation, aldehyde functionalized aryl halides were much 
more easily converted to the corresponding biphenyl aldehydes in high yields by 1 and 2, 
especially for para-substituted precursors. However, the polarity of the solvent was 
clearly most highly influential in terms of both reaction selectivity and reactivity. In 
general, selectivity toward hetero-coupled biaryl products in the Suzuki reaction was 
significantly enhanced for both 1 and 2 in solvents with larger dielectric constants (H2O = 
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80.4; CH2Cl2 = 9.1; toluene = 2.4). It became evident that 1 and 2 were more selective for 
the hetero-coupled product in solvents with higher polarity; therefore, further studies 
were made to gain a better understanding of the possible mechanistic pathways 
responsible for catalytic enhancement effects in certain solvent systems. In particular, a 
more thorough characterization of the active catalysts and post-catalytic species was 
carried out.   
The stabilities of 1 and 2 were first assessed in toluene, CH2Cl2 and H2O in 
Suzuki reactions with p-bromobenzaldehyde and phenylboronic acid. Immediately after 
cessation of the Suzuki reaction, the hot reaction mixtures were centrifuged (15 min, 8.5 
krpm) to isolate any solid residues, which were then separated from the organic 
supernatant. After cooling, the solid and liquid phases were then analyzed by ICP-MS to 
determine the %Pd content of each (Table 2.5). For both 1 and 2, the Pd elemental 
analysis indicated that only a minority of metal had precipitated from reactions performed 
in CH2Cl2, suggesting that the molecular catalysts retained their original structures when 
employed in CH2Cl2 (Table 2.5; entries 25b & 26b). However, both catalysts appeared to 
undergo significant precipitation when operated in H2O or toluene, which is indicative of 










    








1 25a 15 85 87.8 92.5 
25b 97 3 50.4 12.5 
25c 23 77 55.4 98.6 
2 26a 52 48 81.0 78.3 
26b 73 27 54.5 4.1 
26c 26 74 0.2 100 
Pd-PVP 27
b
 - - 0.06 51.5 
      
Table 2.5: Recyclability of 1 and 2 in Suzuki-Miyaura biaryl coupling of the p-
bromobenzaldehyde supernatant (sup) and precipitate (ppt); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), Pd (1 mol%), solvent (a-toluene, b-CH2Cl2, c-
H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored by GC. 
a
 % Pd of 
supernatant and precipitate determined by ICP-MS. 
b
p-bromobenzaldehyde 
(0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), H2O 
(3.0 mL), Pd-PVP (0.537 mmol), 40 °C, 20 h. 
Subsequently, the isolated solid and liquid phases were employed in repeat 
catalytic runs under the original reaction conditions, but using newly added organic 
reagents. This was achieved by direct re-use of the supernatant, or by the addition of 
fresh solvent to dissolve/suspend the residual solids. The products of the repeat reactions 
were monitored by GC (Table 2.5). Interestingly, conversion was observed for both the 
recycled supernatant and solids in all cases. The solid residues obtained from initial 
reaction in H2O or toluene each showed high catalytic activity upon re-use (Table 2.5; 
entries 25a,c & 26a,c), presumably due to the  poorly-defined, yet catalytically-active 
heterogeneous (colloidal or nanoparticulate) Pd species that had been generated. This 
type of complex catalysis has been documented in several previous 
instances;
182,189,190,220,221
 a recent review by Ananikov specifically describes the inter-play 





  Both the supernatant and the solid residues obtained from the initial 
reactions in toluene converted p-bromobenzaldehyde to p-biphenylaldehyde with high 
selectivity upon re-use (Table 2.5; entries 25a & 26a). This indicates that the molecular 
catalyst species was only partially decomposed to give heterogeneous species along with 
molecular species. Repeat reactions in CH2Cl2 only showed appreciable conversion for 
the supernatant, suggesting that 1 and 2 remained mostly solubilized (Table 2.5; entries 
25b & 26b). The reverse outcome was observed for reactions in H2O, suggesting that the 
catalysts were almost completely decomposed (Table 2.5; entries 25c & 26c). For 
example, the relative Pd content detected by ICP-MS after catalysis by 1 in CH2Cl2 was 
97% in the supernatant and only 3% in the precipitate. This result is in stark contrast to 
23% versus 77% (supernatant versus precipitate) that was observed after catalysis had 
been conducted in H2O (Table 2.5; entry 25c). 
The fact that similar overall conversions and coupling selectivities were observed 
in the Suzuki reaction using 1 or 2 in three highly contrasting solvents is an example of 
how particular attention must be paid to identify the composition of the ‘real’ active 
species.
28–14,213,222–225
 In the present study, it could easily be incorrectly assumed from the 
raw conversion data that 1 and 2 were proficient in all solvent systems. However, it is 
very apparent from the above hot isolation tests that the predominant catalytic species are 
different when operated in H2O or CH2Cl2. Meanwhile, an ill-defined mixture of 
homogeneous and heterogeneous Pd species appeared to co-exist in toluene. In an 
attempt to further probe the identity of the catalytically-active heterogeneous species, pre-
formed 4.5 nm Pd nanoparticles (Figures 2.4-6) capped with poly(vinylpyrrolidone) as a 
stabilizer were employed in the Suzuki reaction under otherwise identical reaction 
conditions to those used in the previous reactions. The Pd-PVP nanoparticles were 
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employed in H2O-based Suzuki reactions as an alternative source of pre-formed 
heterogeneous Pd catalysts. These results showed coupling catalysis in the presence of 
the Pd-PVP nanoparticles without the requirement for either 1 or 2; the associated 
reactivity and product selectivity was also very similar to that observed when the 
molecular catalyst, 2 was employed exclusively (Table 2.5; entry 27). This is convincing 
additional evidence for the hypothesis that heterogeneous Pd(0) species in H2O are 




Figure 2.4: TEM images of Pd-PVP (50 nm scale). 
 
 




Figure 2.6: Particle size distribution of Pd-PVP. 
The activation energies for 1 and 2 in H2O, CH2Cl2 and toluene were also 
measured in order to provide kinetic insight into the nature of the different active species 
in each solvent. This was achieved by measuring the rate of coupling for p- 
bromobenzaldehyde as a function of catalyst loading (Table 2.6 & Figure 2.7). Complete 
conversion of p-bromobenzaldehyde with phenylboronic acid to yield the desired hetero-
coupled product was achieved in H2O for all catalyst loadings in the range 0.1−0.5 mol% 
in less than 5 h. Catalyst loading lower than 0.1 mol % usually resulted in incomplete 
conversion (Figure 2.8). As expected for truly catalytic systems, higher catalyst loadings 
required proportionately less time to reach complete conversion. Above 0.25 mol% the 
effect of higher loading was minimal since all reactions reached completion in less than 3 
h for both 1 and 2 (Table 2.6; entries 28 & 29). The data summarized in Table 2.6 imply a 
pseudo-first order reaction with respect to the p-bromobenzaldehyde concentration. Also, 





     
Catalyst Entry 0.10 mol % 0.25 mol % 0.50 mol % 
1 28 0.3046 0.4407 0.5462 
2 29 0.8979 0.9601 0.9667 
     
Table 2.6: Rate constants for 1 and 2 for p-bromobenzaldehyde in H2O; Reaction 
conditions: p-bromobenzaldehyde (3.24 mmol), phenylboronic acid (3.89 
mmol), K2CO3 (9.73 mmol), H2O (15.0 mL), 40 °C; all reactions were 
monitored by GC. 
 
 
Figure 2.7: Conversion of p-bromobenzaldehyde with phenylboronic acid as a function of 
time for Suzuki-Miyaura cross-coupling reactions by 1 and 2 at 40 °C with 
0.10, 0.25, and 0.50 mol % catalyst loading in H2O; all reactions were 






Figure 2.8: Conversion of p-bromobenzaldehyde with phenylboronic acid as a function of 
time in Suzuki-Miyaura coupling by catalyst 2 at 40˚C with 0.05 mol% 
catalyst loading (k
2
 = 0.8427). 
Examination of the temperature dependences for 1 and 2 at 24, 30, 35, and 40 °C 
were also made by means of kinetic experiments in toluene, CH2Cl2, and H2O. The 
results are summarized in Figures 2.9-17 and the corresponding rate constants are 
presented in Table 2.7. This study provided some further interesting insights into the 
comparative identities and reactivities of the dominant active Pd species in each solvent 
system. Reactions performed at low temperature were most sensitive to the nature of the 
solvent. Specifically, both 1 and 2 affected the coupling of p-bromobenzaldehyde with 
phenylboronic acid in H2O at 30 ºC, with high coupling selectivity (Figures 2.9 & 2.12). 
In contrast, reactions in toluene and CH2Cl2 at the same temperature gave low yields for 
1, while 2 was found to be inactive. The reaction temperature was then increased in 5 ºC 
steps to 40 ºC, which resulted in increased activity for all three solvent systems, albeit 
with a modest reduction in coupling selectivity (Figures 2.10-11 & 2.13-14). The 
corresponding selectivities are presented in Figures 2.15-17. 
109 
 
     
       
Catalyst Entry 24 °C 30 °C 35 °C 40 °C 45 °C 
1 30a - 0.2393 0.4091 1.8077 - 
30b - 0.3492 1.3739 2.8619 - 
30c 0.0610 0.2144 0.2656 0.5206 - 
       
2 31a - - 0.3678 1.3877 2.9481 
31b - 0.0037 0.5999 1.7767 4.8967 
31c 0.1442 0.2183 0.2614 1.5986 - 
       
 Table 2.7: Rate constants of 1 and 2 for p-bromobenzaldehyde; Reaction conditions: p-
bromobenzaldehyde (3.24 mmol), phenylboronic acid (3.89 mmol), K2CO3 
(9.73 mmol), solvent (a-toluene, b-CH2Cl2, c-H2O; 15.0 mL); all reactions 
were monitored by GC. 
 
 
Figure 2.9: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 





Figure 2.10: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 
time in Suzuki-Miyaura coupling by 0.5 mol % of 1 at 35 °C. 
 
 
Figure 2.11: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 





Figure 2.12: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 
time in Suzuki-Miyaura coupling by 0.5 mol % of 2 at 30 °C. 
 
 
Figure 2.13: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 





Figure 2.14: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 
time in Suzuki-Miyaura coupling by 0.5 mol % of 2 at 40 °C. 
 
 
Figure 2.15: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 
time in Suzuki-Miyaura coupling by 0.5 mol % of 1 and 2 at 30 °C. A 





Figure 2.16: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 
time in Suzuki coupling by 0.5 mol % of 1 and 2 at 35 °C. A comparison of 
total conversion and coupling selectivity (solid versus open bars). 
 
 
Figure 2.17: Reaction of p-bromobenzaldehyde with phenylboronic acid as a function of 
time in Suzuki coupling by 0.5 mol % of 1 and 2 at 40 °C. A comparison of 
total conversion and coupling selectivity (solid versus open bars). 
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The fact that no turnover was observed at 30 ºC in the organic solvents, while 
appreciable reactivity was observed above 35 ºC, suggested that a kinetic activation 
barrier had been overcome between 30 and 35 ºC. This type of temperature-dependent 
behavior is commonplace for molecular species. Meanwhile, since appreciable turnover 
was observed in H2O at temperatures as low as 24 ºC (Figure 2.8), it is clear that a 
different, more easily activated catalytic species was responsible for the observed 
reactivity. 
It is also noteworthy that distinct induction periods of ca. 1−5 h were observed for 
reactions involving 1 and 2 in H2O at lower temperatures, resulting in s-shaped reactivity 
profiles (Figures 2.9-14; black data). This is presumably because at lower temperatures, 
the generation of the active heterogeneous Pd species occurred more slowly. Meanwhile, 
reactions performed at 35 or 40 ºC with 1 and 40 ºC with 2 did not show any appreciable 
induction period. These observations are also consistent with the supposition that 
molecular catalysis dominated in organic solvents while newly-generated heterogeneous 
catalysts were dominant in H2O: single-site homogeneous species should be immediately 
highly active above a minimum temperature threshold, but could also become rapidly 
poisoned. In contrast, decomposition of the molecular species in H2O to generate the 
active heterogeneous Pd species appeared to require a significant amount of time as 
reflected in the induction phase. 
Activation energy data for the Suzuki coupling reaction was obtained in the three 
solvent systems using the ‘slope-ratio method’. Arrhenius plots created using the 
temperature-dependent activity data for 1 and 2 (Table 2.8 & Figures 2.18-19) show that 
the Suzuki reaction rates were faster in organic solution than in H2O. However, the 







significantly larger than the comparable activation energies in H2O (111−116 kJ mol
‒1
). 
This substantial difference in energy could be attributed to the different physical nature of 
the active catalysts, in which the homogenous molecular catalysts 1 and 2 experienced a 
larger energy barrier for the oxidative addition of the aryl halide precursors.  
 
   
Catalyst Entry Activation Energy [kJ mol
-1
] 
1 32a 159.2 
32b 166.3 
32c 111.3 
   
2 33a 169.8 
33b 171.2 
33c 115.9 
   
Table 2.8: Activation energies for 1 and 2 for p-bromobenzaldehyde; Calculated from the 
slope of the Arrhenius plots in Figures 2.18-19. 
 
 
Figure 2.18: Arrhenius plot for the activation of p-bromobenzaldehyde by 1 in toluene, 





Figure 2.19: Arrhenius plot for the activation of p-bromobenzaldehyde by 2 in toluene, 
CH2Cl2, and H2O. 
Comparative activation energies for the Suzuki coupling of p-chlorobenzaldehyde 
in toluene, CH2Cl2, and H2O solutions could not be obtained because the reactivities were 
minimal at lower temperatures. The C‒Cl bond was most effectively activated by the 
supposed heterogeneous Pd(0) species in H2O. Kinetic trials were performed in aqueous 
solution using p-chlorobenzaldehyde, in which both the catalyst mol% and the 
temperature were varied (Figures 2.20-21). While the reactions of both 1 and 2 resulted in 
complete conversion of the chlorinated precursors in H2O, 2 was the most proficient. 
Accordingly, the rate constants for 2 increased drastically as the catalyst loadings 





Figure 2.20: Conversion of p-chlorobenzaldehyde with phenylboronic acid as a function 
of time in Suzuki-Miyaura coupling by catalysts 1 at 40 °C in H2O. 
 
 
Figure 2.21: Conversion of p-chlorobenzaldehyde with phenylboronic acid as a function 


















1 34 - - - 0.0141 0.0193 0.0206 
2 35 0.0598 0.0919 2.2459 0.0270 0.0547 - 
        
Table 2.9: Rate constants of 1 and 2 of p-chlorobenzaldehyde in H2O; Reaction 
conditions: p-chlorobenzaldehyde (4.28 mmol), phenylboronic acid (5.14 




In contrast to p-bromobenzaldehyde, 1 and 2 were found to be initially selective 
for the homo-coupled product. As the reaction proceeded, both catalysts became more 
selective for production of the desired hetero-coupled product. After approximately 30 h, 
the reaction selectivity had reached a steady-state, favoring approximately 80% of the 
hetero-coupled product. The origin of this selectivity evolution over such a significant 
period of time is most likely due to the evolving nature of the active catalyst species, as 
molecular 1 or 2 are converted to eventually more stable heterogeneous catalysts. It is 
somewhat more difficult to determine the identity of transient intermediate Pd catalysts 
(such as small Pd clusters) that may exist in solution prior to steady-state selectivity being 
reached. A so-called ‘cocktail-type’ mixture of active Pd-based species could dominate 
during the first 25−30 h of reaction (Figure 2.24).
188,191
 All other selectivity curves are 





Figure 2.22: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 0.5 mol % of 1 in H2O. Dashed and 
solid lines through open circles denote selectivities of the hetero- and homo-
coupled products, respectively.  
 
Figure 2.23: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 1.0 mol % of 1 in H2O. Dashed and 
solid lines through open circles denote selectivities of the hetero- and homo-




Figure 2.24: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 1.5 mol % of 1 in H2O. Dashed and 
solid lines through open circles denote selectivities of the hetero- and homo-
coupled products, respectively.  
 
Figure 2.25: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 0.5 mol % of 2 in H2O. Dashed and 
solid lines through open circles denote selectivities of the hetero- and homo-




Figure 2.26: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 40 °C with 1.0 mol % of 2 in H2O. Dashed and 
solid lines through open circles denote selectivities of the hetero- and homo-
coupled products, respectively.  
 
Figure 2.27: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 35 °C with 0.25 mol % of 2 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- and 





Figure 2.28: Conversion (solid squares) and selectivity (open circles) of p-
chlorobenzaldehyde with phenylboronic acid as a function of time in 
Suzuki-Miyaura coupling at 30 °C with 0.25 mol % of 2 in H2O. Dashed 
and solid lines through open circles denote selectivities of the hetero- and 
homo-coupled products, respectively.  
Based on the rate constant obtained from 0.25 mol% of catalyst 2, it was decided 
to double and then quadruple the catalyst loading to 0.5 and 1.0 mol% of 1 and 2, 
respectively (Figures 2.29-30). As expected, the rate of 2 was significantly faster and 
more selective in the activation of aryl chlorides, which was consistent with the data 
gathered for the corresponding aryl bromides. Although these observations followed 
classical kinetic control, it was somewhat surprising that higher catalyst loadings resulted 
in lower rate constants (Table 2.9). In an attempt to understand this trend, the reaction 
mechanism was further investigated by varying the number of stoichiometric equivalents 
of phenylboronic acid and potassium carbonate, (Figure 2.31). These data suggested that 
the phenylboronic acid and the potassium carbonate did not affect the rate determining 
step of this mechanism. The temperature dependence of this system was also examined at 
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24, 30, 35, and 40 °C using 0.25 mol % of catalyst 2 (Figure 2.32 & Table 2.10). The 
hetero-coupled aryl product was only produced in complete conversion at 35 and 40 °C 
and the corresponding rate constants were found to increase with increasing temperature 
(Table 10). 
 
Figure 2.29: Reaction of p-chlorobenzaldehyde with phenylboronic acid as a function of 
time for Suzuki-Miyaura coupling at 40 °C with 0.5 and 1.0 mol % of 1 in 
H2O. 
 
Figure 2.30: Reaction of p-chlorobenzaldehyde with phenylboronic acid as a function of 





Figure 2.31: Conversion of p-chlorobenzaldehyde as a function of time in Suzuki-
Miyaura coupling at 40 °C in H2O with 0.5 mol % of 2 under varying 
conditions of phenylboronic acid and K2CO3 (legend denotes stoichiometric 
equivalents of phenylboronic acid : K2CO3). 
 
 
Figure 2.32: Suzuki-Miyaura coupling of p-chlorobenzaldehyde with phenylboronic acid 




      
Catalyst Entry 24 °C 30 °C 35 °C 40 °C 
2 36 0.0031 0.1476 1.0439 2.2459 
      
Table 2.10: Rate constants for 2 using p-chlorobenzaldehyde in H2O; Reaction 
conditions: p-chlorobenzaldehyde (4.28 mmol), phenylboronic acid (5.14), 
K2CO3 (12.86 mmol), H2O (15.0 mL), 40 °C; all reactions were monitored 
by GC. 
The activation energy for p-chlorobenzaldehyde in H2O was determined on the 
basis of the slope of the Arrhenius plot (Figure 2.33). The activation energy was 
determined to be 322 kJ mol
–1
, which is in accord with the current literature values for 
similar systems.   
 
 




In conclusion, two new palladium(II) carbene complexes were synthesized and 
studied for their catalytic activities in the Suzuki reaction. Their comparative behavior in 
toluene, CH2Cl2 and H2O were assessed. Both 1 and 2 were able to activate C‒I, C‒Br, 
and C‒Cl bonds in polar and nonpolar aprotic solvents, as well as in H2O. The catalysts 
efficiently converted all aryl iodides and aryl bromides to the desired hetero-coupled 
product, whereas the analogous conversion from aryl chlorides was completed at a 
deterred rate. This is a direct result of the oxidative addition process of the C‒X bond 
onto the palladium catalyst. These SN2 reactions proceed more quickly for highly 
polarizable bonds, resulting in the slower oxidative addition of the aryl chlorides than 
analogous aryl bromides and iodides. Interestingly, it was shown that catalyst 
decomposition was prevalent in toluene and H2O, yielding new, presumably 
heterogeneous, yet equally active catalyst species. In CH2Cl2, the molecular catalysts 
were largely stable and recyclable, presumably due to the attraction of the polar solvent 
to the positively charged palladium metal center. In toluene solution, both forms of the 
catalyst were found to co-exist. Kinetic studies revealed that the average activation 
energy for dissociation of the C‒Br bond in organic solvents was 166 kJ mol
–1
 compared 
to only 113 kJ mol
–1
 for H2O. The latter result infers that the heterogeneous species 
generated from the original Pd(II) carbene complexes were more reactive for the Suzuki 
coupling reaction, and that catalyst decomposition was not actually detrimental in the 
Suzuki-Miyaura cross-coupling reaction. The results of this study exemplify how well-
defined molecular and less well-defined heterogeneous Pd species can provide 
misleadingly similar results in solution-phase catalysis. 
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2.5 SUMMARY OF KEY RESULTS 
 2 was significantly more active than 1 
 H2O facilitated the highest catalytic activity, although the catalysts were 
proven to decompose when employed in this solvent system 
 Both catalysts were more selective in CH2Cl2 than toluene 
 Both catalysts activated the CCl bond in aryl chloride substrates 
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2.7 EXPERIMENTAL  
2.7.1 General Procedures 
All glassware was oven-dried before use. All reagents were obtained 
commercially and used without further purification. Toluene and THF were dried over 
sodium and freshly distilled prior to use. The dichloromethane was dried over calcium 
hydride and freshly distilled prior to use. The starting materials IMes(BIAN) imidazolium 
chloride and IPr(BIAN)[AgCl] were synthesized according to published procedures.   
2.7.2 Physical Measurements 
Low-resolution CI mass spectra were obtained on a Thermo Scientific TSQ 
Quantum GC mass spectrometer and high-resolution CI mass spectra were recorded on a 






H} NMR spectra were 
recorded at 295 K in the indicated solvent on a Varian Unity 300 (
1
H, 300 MHz; 
13
C, 75 
MHz) or a Varian AS400 spectrometer (
1
H, 400 MHz; 
13
C, 100 MHz) immediately 
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following sample preparation. Deuterated solvents were obtained from Cambridge 







shift values are reported in parts per million (ppm) relative to SiMe4 (δ 0.00), using 
solvent resonances as internal standards. Absorption spectra were recorded on a Varian 
Cary 6000i UV-VIS-NIR spectrophotometer with Starna Quartz fluorometer cells with a 
pathlength of 10 mm. Gas chromatography (GC) was performed on an Agilent 6850 gas 
chromatograph (HP-1 column, l = 30 m, I.D. = 0.32 mm) equipped with a flame 
ionization detector (FID). The GC oven temperature was held at 50 °C for 3 min, then 
increased to 300 °C at 30 °C min
‒1
. The internal standard mesitylene was used to aid in 
measuring reaction conversions.  
2.7.3 Preparations 
2.7.3.1 IMes(BIAN)[AgCl] 
A 1:1 dichloromethane-THF solution (20 mL) was added to an aluminum foil 
covered 50 mL round bottom flask. IMes(BIAN) imidazolium chloride (0.2 g, 0.466 
mmol) and Ag2O (0.4 g, 1.724 mmol) were added to it. The reaction mixture was stirred 
at ambient temperature for 48 h under argon, following which it was filtered and the 
solvent stripped from the filtrate under reduced pressure to afford IMes(BIAN)[AgCl] as 
an analytically pure red/orange solid (0.233 g, 88%).  MS (CI
+





NMR (CDCl3): δ 2.33 (s, 12H, CH3), 2.57 (s, 6H, CH3), 7.22 (d, 2H, Naph-H), 7.41 (s, 
4H, Ar-H), 7.58 (t, 2H, Naph-H), 7.93 (d, 2H, Naph-H); 
13
C NMR (CDCl3): δ 17.85, 
21.21, 120.98, 125.17, 127.74, 128.33, 129.86, 130.58, 133.80, 134.47, 138.40, 139.89.  
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2.7.3.2 (IMes)PdCl2PPh3 (1) 
Toluene (5 mL) was added to an aluminum covered 50 mL round bottom flask 
that contained IMes(BIAN)[AgCl] (0.050 g, 0.0875 mmol) and PdCl2(PPh3)2 (0.056 g, 
0.0796 mmol). The reaction mixture was refluxed for 16 h. It was then cooled to ambient 
temperature and filtered over celite. The precipitate was extracted from the celite with 
dichlormethane, followed by removal of the solvent. Recrystallization with ethanol 
afforded an analytically pure yellow solid (0.044 g, 58%).  MS (CI
+





H NMR (CDCl3): δ 2.39 (s, 12H, CH3), 2.49 (s, 6H, CH3), 7.00 (d, 2H, Naph-H), 
7.12 (s, 4H, Ar-H), 7.21 (d, 2H, Naph-H), 7.29-7.39 (m, 11H, Naph-H, PPh3-H), 7.69 (d, 
2H, Naph-H); 
13
C NMR (CDCl3): δ 138.67, 138.30, 137.78, 136.22, 135.98, 135.00, 
134.87, 134.30, 134.16, 130.73, 130.14, 129.79, 129.64, 129.46, 129.25, 129.10, 128.02, 
127.77, 127.67, 126.09, 125.89, 120.62, 120.29, 21.39, 19.18; 
31
P NMR (CDCl3): δ 
20.99. 
2.7.3.3 (IPr)PdCl2PPh3 (2) 
Toluene (5 mL) was added to an aluminum covered 50 mL round bottom flask 
that contained IPr(BIAN)[AgCl] (0.0514 g, 0.0785 mmol) and PdCl2(PPh3)2 (0.050 g, 
0.0713 mmol). The reaction mixture was refluxed for 16 h. It was then cooled to ambient 
temperature and filtered over celite. The precipitate was extracted from the celite with 
dichloromethane, followed by removal of the solvent. Recrystallization with ethanol 
afforded an analytically pure yellow solid (0.046 g, 62%).  MS (CI
+





H NMR (CDCl3): δ 0.90 (d, 12H, CH3), 1.26 (d, 12H, CH3), 3.40 (sept, 4H, -
CH(CH3)2), 6.86 (d, 2H, Naph-H), 7.17 (d, 6H, PPh3-H), 7028-7.37 (m, 11H, Naph-H, 
PPh3-H), 7.48 (d, 4H, iPr-Ar-H), 7.65 (d/t, 4H, Naph-H, iPr-Ar-H); 
13
C NMR (CDCl3): δ 
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146.94, 139.76, 134.59, 133.4, 130.35, 129.76, 129.21, 127.34, 127.16, 126.75, 125.88, 
123.97, 121.57, 28.39, 35.40, 23.51; 
31
P NMR (CDCl3): δ 21.41. 
2.7.4 General Procedure for Suzuki Cross-Coupling Reactions   
Deionized water (3 mL) was added to a 20 mL scintillation vial containing aryl 
halide (0.267 mmol), phenylboronic acid (0.321 mmol), potassium carbonate (0.802 
mmol), and the internal standard mesitylene (0.267 mmol). The scintillation vial was 
covered with a septum and wired down. The reaction mixture was heated to 40 °C while 
stirring. The catalyst concentration was determined by UV-Vis and rapidly injected into 
the reaction mixture (0.1-2.0 mol% of 1 or 2). The reaction was allowed to stir for twenty 
hours for all aryl iodides and bromides. The aryl chlorides required 48 hours to reach 
complete conversion. The reaction mixture was cooled to ambient temperature, filtered 
over celite, and washed with ether. The solvents were evaporated from the organic layer 
to produce the desired product. The reactions were monitored by GC and percent 
conversions were calculated based on the aryl halide. The product was determined by 




Chapter 3:  Direct comparison of bis(imino)acenaphthene (BIAN)-
supported palladium(II) mono- and bis(carbene) complexes as catalysts 
for Suzuki-Miyaura cross-coupling reactions 
3.1 ABSTRACT 
Two new 1,2-acenaphthenyl N-heterocyclic biscarbene-supported 
palladium(II) complexes containing mesityl or 2,6-diisoporpyl N-aryl substituents 
have been synthesized, characterized, and analysed for their catalytic behaviour for 
Suzuki coupling reactions in toluene, dichloromethane, and water. Each catalyst 
exhibited the highest activity when employed in aqueous media, followed in 
decreasing order by dichloromethane and toluene. The catalysts retained their 
molecular character in dichloromethane; however partial and full decomposition was 
observed in toluene and water, respectively.   
3.2 INTRODUCTION 
As already described in chapter 2, the Suzuki-Miyaura cross-coupling reaction 
typically employs Group X metals to from carbon‒carbon bonds between aryl halides and 
organoboranes (Scheme 1.3).
4
 It is one of the most widely used industrial processes for 
the selective construction of natural products, pharmaceuticals and agrochemicals.
193–195
 
Normally, the optimal reaction conditions involve a palladium-centred homogeneous 
catalyst along with a range of spectator ligands, such as 3-chloropyridine or 
triethylamine.
104,197,198
 Recently, Zhou et al. used 1-methylimidazole to assist in the 
activation of aryl chlorides in aqueous media.
199
 However, the majority of these catalysts 
cannot be recycled. As a consequence, recent research in this area has been focused on 
the generation of greener catalysts that are capable of easy separation and 
recovery.
203,204,206,207,209,210
 More importantly, however, such catalysts can be 
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reintroducted into the catalytic cycle without a significant loss of catalytic 
activity.
202,205,208
 Furthermore, these new catalysts possess two industrially important 
properties; namely they activate inexpensive aryl chlorides and perform well in 
environmentally benign conditions.  
The σ-donor characteristics of the NHC ligand promote the oxidative addition of 
aryl halides as well as assisting in the reductive elimination of the coupled products.
85,201
 
Although the homogeneous palladium catalysts are highly selective and tolerant to a wide 
variety of functionalities, they typically require harsh organic solvents. Accordingly, the 
recent focus on green chemistry has stimulated intense research activity in terms of 
seeking an alternative solvent that is non-toxic, cost effective and abundant.
205,208
 Water 
is an ideal solvent in this context. The most prominent example of this approach was 
reported by Karimi et al. with their development of a water-soluble NHC‒Pd polymer 
that efficiently activated aryl chlorides at room temperature.
206
 However, the use of 
aqueous media can introduce some ambiguity with regard to the identification of the 
active catalyst in solution.
213
 This predicament has often been remedied by either a hot 
filtration test, or via the injection of Hg(0) into the reaction mixture, thereby poisoning 
any leached Pd(0) species.
10,14,182,184,212
      
Recently, we reported the syntheses of two new palladium(II) carbene complexes 
[PdLCl2(PPh3)], along with complete studies of the catalytic activities of each catalyst in 
nonpolar, polar and aqueous media for the Suzuki coupling reaction. It was discovered 
that both catalysts decomposed to active heterogeneous species when the reactions are 
carried out in toluene or aqueous solution. On the other hand, they retained their 
molecular character when employed in dichloromethane.
226
 In the present work, two new 
bis(imino)acenapthene (BIAN) supported NHC palladium complexes, [L2PdCl2], have 
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been synthesized with a view to creating more strongly-bonded Pd(II) complexes. In turn, 
this would permit the determination of their homogenous or heterogeneous behaviour in 
nonpolar, polar, and aqueous media with respect to the Suzuki coupling reaction. 
3.3 RESULTS AND DISCUSSION 
The preparation of the new Pd catalysts was achieved by adaptation of the 
previously reported methods for the syntheses of (IMes)BIAN[AgCl] and 
(IPr)BIAN[AgCl].
226
 In turn, these silver complexes were treated with Pd(OAc)2 or 
PdCl2(ACN)2 in toluene solution, thereby producing IMes(BIAN)2PdCl2 (3) and 
IPr(BIAN)2PdCl2 (4), respectively. The preparative details for these complexes are 
summarized in Scheme 3.1 and the identities of 3 and 4 were confirmed by means of 
standard analytical techniques. Figures 3.1 and 3.2 illustrate the single crystal structures 
that were obtained for 3 and 4, respectively, and the pertinent bond distances and angles 
are listed in Table 3.1. These crystal structures revealed an approximate square planar 
geometry around each Pd(II) centre. It was found that 3 possessed a mean plane angle of 
46.3°, while that of 4 was only 0.2°. However, every asymmetric unit of 3 contained a 
tetrahydrofuran solvent molecule, encouraging the free rotation of the Pd‒NHC bond.  
 
 


















 Length (Å) 
Bond 3 4 
Pd1‒C1 2.022(5) 2.043(6) 
Pd1‒Ci 2.022(5) 2.043(6) 
Pd1‒Cl1 2.3131(14) 2.314(2) 
Pd1‒Cli 2.3131(14) 2.314(2) 
C2‒C3 1.356(8) 1.360(8) 
 
 Angles (°) 
Bond 3 4 
C1‒Pd1‒C1i 180.0 180.0(3) 
Cl1‒Pd1‒Cl1i 180.0 180.00(7) 
C1‒Pd1‒Cl1 90.000(5) 89.31(17) 
C1‒Pd1‒Cl1 90.000(5) 90.69(17) 
N1‒C1‒N2 106.0(4) 104.5(5) 
   
Table 3.1: Selected bond distances and angles for 3 and 4. 
The catalytic activities of 3 and 4 with respect to Suzuki-Miyaura cross-coupling 
reactions were investigated initially with aryl iodides (0.216 mmol), phenylboronic acid 
(0.259 mmol) and K2CO3 (0.647 mmol) in toluene, CH2Cl2, or H2O solution (3.0 mL). In 
order to examine adequately the solvent effects on these catalysts, these three solvents 
were chosen as appropriate examples of nonpolar aprotic, polar aprotic, and green 
solvents, respectively. Each reaction mixture was stirred and heated to 40 °C until all the 
solids had dissolved. In each case, the catalyst loadings were determined on the basis of 
UV-vis spectroscopic measurements (Figures 3.3-3.4). Compound 3 or 4 was injected 
rapidly into the reaction mixture at t = 0, which was subsequently stirred at 40 °C for 20 





Figure 3.3: The absorption spectrum of 3 in dichloromethane with ʎmax = 293 nm.  Beer’s 
law was used to determine the molar absorptivity from a calibration curve 







 = 0.998). 
 
Figure 3.4: The absorption spectrum of 4 in dichloromethane with ʎmax = 295 nm.  Beer’s 
law was used to determine the molar absorptivity from a calibration curve 













     







3 1a 1.0 0 
1b 1.3 42.6 
1c 3.3 0 
4 2a 16.5 99.0 
2b 0.2 51.7 
2c 88.6 91.7 
     
Table 3.2: Suzuki-Miyaura biaryl coupling of aryl iodides by 3 and 4; Reaction 
conditions: aryl iodide (0.216 mmol), phenylboronic acid (0.259 mmol), 
K2CO3 (0.647 mmol), 3 or 4 (1.0 mol % Pd), solvent (a-toluene, b-CH2Cl2, 
c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored by GC. 
p-Iodobenzaldehyde was converted successfully to the corresponding p-
biphenylaldehyde by 4 in toluene and aqueous solutions with greater than 91% selectivity 
on the basis of GC analysis (Table 3.2; entries 2a,c). However, 3 was unable to activate 
the C‒I bond in these solvents (Table 3.2; entries 1a-c). 
In order to gain more insight into the catalytic properties of 3 and 4 in organic and 
aqueous media, a variety of aryl bromides were explored using otherwise identical 
reaction conditions (Table 3.3). Each analysis began with bromobenzaldehyde, in which 
the importance of the type of solvent became apparent. Both catalysts activated the C‒Br 
bond and showed the greatest selectivity for the hetero-coupled product in aqueous 
solvent mixtures (Table 3.3; entries 3-8c). Each catalyst demonstrated higher reactivity 
toward para-aryl halides, followed in recession by ortho-, and meta-substrates. 
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Furthermore, in organic solvents, 3 and 4 exhibited significantly higher catalytic 




     







3 3a 64.1 74.7 
3b 41.1 91.7 
3c 65.4 92.6 
4 4a 2.7 53.2 
4b 1.1 73.2 
4c 22.2 95.9 
     
 
3 5a 68.1 76.1 
5b 10.8 71.7 
5c 8.3 71.5 
4 6a 16.0 69.0 
6b 4.5 73.3 
6c 11.2 83.7 
     
 
3 7a 83.2 84.3 
7b 49.5 93.7 
7c 97.9 98.1 
4 8a 89.6 93.5 
8b 11.0 97.3 
8c 9.1 91.1 
     
 
3 9a 30.5 5.7 
9b 49.9 78.4 
9c 23.5 80.9 
4 10a 15.2 0 
10b 2.4 15.9 
10c 5.0 0 






     







3 11a 19.0 26.0 
11b 6.7 61.1 
11c 51.3 79.9 
4 12a 0 0 
12b 0.1 100 
12c 0.1 100 
     
 
3 13a 39.4 35.5 
13b 33.0 87.9 
13c 98.5 99.0 
4 14a 0.8 0 
14b 0.3 64.5 
14c 4.7 0 
     
 
3 15a 48.5 42.7 
15b 98.9 96.2 
15c 27.0 84.9 
4 16a 15.9 38.5 
16b 20.6 0 
16c 0.8 100 
     
 
3 17a 35.5 54.8 
17b 18.7 75.5 
17c 93.3 98.1 
4 18a 15.6 33.5 
18b 0.7 54.8 
18c 0.8 52.1 
     
Table 3.3: Suzuki-Miyaura biaryl coupling of aryl bromides by 3 and 4; Reaction 
conditions: aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), 
K2CO3 (0.811 mmol), 3 or 4 (1.0 mol % Pd), solvent (a-toluene, b-CH2Cl2, 
c-H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored for conversion by 
GC. 
In the next step, the electronic characteristics of the functional groups on the aryl 
bromides were assessed with a family of bromoanisole reagents. In accordance with the 
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previous results, 3 was found to be substantially more active than 4, especially in aqueous 
media (Table 3.3; entries 9-14c). For example, when 3 was treated with p-bromoanisole 
in water, the resulting hetero-coupled biphenyl product was formed in nearly 100% 
conversion (Table 3.3; entry 13c). Interestingly (and in contrast to the aforementioned 
results), 3 and 4 were found to be considerably more selective in polar aprotic solvent 
mixtures (Table 3.3; entries 9-14b). Furthermore, in nonpolar aprotic solvent mixtures, 3 
selectively generated the homo-coupled biphenyl product.  
It was particularly noteworthy that 3 was significantly more active when the 
functional group resided in the para-position relative to the carbon‒halide bond (Table 
3.3; entries 7c & 13c). The Suzuki reaction was further explored by using p-
bromomethylbenzene and p-bromoethylbenzene as reagents (Table 3.3; entries 15-18a-c). 
These aqueous solvent mixtures provided the optimal media for 3 in the case of the 
larger, sterically demanding functional groups (Table 3.3; entry 17c), whereas the polar 
aprotic solvent mixture was found to be more appropriate for a simple methyl functional 
group (Table 3.3; entry 15b). In contrast, 4 activated the C‒Br bond with a maximum of 
20% conversion, regardless of the nature of the solvent (Table 3.3; entries 16a-c & 18a-
c). 
Upon optimization of the aryl iodides and bromides, examination of the catalytic 
activities of 3 and 4 were expanded to include chlorobenzaldehydes (Table 3.4). Aryl 
chlorides are industrially important because they are not only inexpensive, but they also 
permit more cost effective chemical waste procedures in comparison with the analogous 
aryl iodides and bromides. Unfortunately, however, the C‒Cl bond is considerably more 
difficult to activate due to the large bond dissociation energy of 407 kJ mol
–1
. In contrast, 










     








3 19a 33.5 0.4 
19b 24.7 4.6 
19c 13.9 11.4 
4 20a 19.0 17.4 
20b 4.5 81.1 
20c 13.9 38.6 
     
 
3 21a 36.6 0 
21b 31.9 0 
21c
 a
 13.2 3.1 
4 22a 15.4 0 
22b 0.2 44.6 
22c 4.6 2.4 
     
 
3 23a 34.8 0.2 
23b 27.5 24.7 
23c 25.2 14.1 
4 24a 16.4 7.1 
24b 1.7 55.8 
24c 2.5 33.6 
     
Table 3.4: Suzuki-Miyaura biaryl coupling of aryl chlorides by 3 and 4; Reaction 
conditions: aryl chloride (0.357 mmol), phenylboronic acid (0.429 mmol), 
K2CO3 (1.07 mmol), 3 or 4 (1.0 mol % Pd), solvent (a-toluene, b-CH2Cl2, c-
H2O; 3.0 mL), 40 °C, 48h; all reactions were monitored by GC.
 
 
The aforementioned trends were confirmed by further investigation of the aryl 
chlorides. 3 was found to be the most selective for production of the desired hetero-
coupled product in H2O and CH2Cl2 (Table 3.4; entries 19b-c, 21b-c & 23b-c). However, 
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only the adverse homo-coupled product was produced in toluene (Table 3.4; 19a, 21a & 
23a). Regrettably, neither catalyst yielded the p-biphenylaldehyde as the major product in 
the three solvents tested (Table 3.4; entries 19-24a-c). 
The above results may well be a direct consequence of the strength of the Pd‒
Ccarbene bonds in both 3 and 4. It is plausible that both of the NHCs remain attached to the 
Pd centre when the catalysts are introduced into the reaction mixture. The inability of 
these catalysts to lose a carbene moiety effectively eliminates the possibility of any C‒X 
activation, thus rendering such catalysts completely inactive. A similar trend was 
observed when the PCy3 ligands in Grubbs’ 1
st





 generation-type catalyst exhibited less activity for ring-
closing metathesis reactions than analogous catalysts containing fewer NHC ligands. 
These results were attributed to the labile character of the phosphine ligands, since the 
formation of the 14 e
– 
catalytically active species forms significantly faster than that of 
the corresponding NHC catalysts.
228
 It is plausible that the previously mentioned catalytic 
activities of 3 and 4 may well be due to the sluggish rate of ligand dissociation. 
Furthermore, the demoted activity of 4 may be an immediate outcome of the stability 
provided by the bulky i–Pr groups, in which sparse dissociation of the ligand occurs, 
thereby generating a dormant catalyst in solution. 
The final phase of the present study was concluded by means of filtration tests 
that were carried out in all three solvents in order to identify the nature of the catalytically 
active species in each system. This process began by performing the Suzuki reaction of p-
bromobenzaldehyde and phenylboronic acid in toluene, CH2Cl2 or H2O. The reaction 
mixtures were terminated promptly after 20 h and each hot reaction mixture was 
centrifuged (15 min, 8.5 krpm) in order to isolate any solid residues from the organic 
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supernatant. The %Pd content in the solid and liquid phases was then determined by 
means of ICP-MS (Table 3.5). The resulting data indicated that when 3 and 4 were 
employed in CH2Cl2 solution, the molecular catalysts retained their original structures 
(Table 3.5; entries 25b & 26b). In contrast, the elemental analyses implied that when the 
reactions were carried out in H2O or toluene, a substantial amount of palladium metal had 
been detached from the carbene ligands (Table 3.5; entries 25c & 26a,c). Interestingly, 4 
exhibited significantly more leaching in the nonpolar solvent than 3 (Table 3.5; entries 
25a & 26a). 
 
    








3 25a 98 2 80.1 71.7 
25b 78 22 29.5 2.8 
25c 3 97 1.9 35.1 
      
4 26a 60 40 49.0 6.6 
26b 84 16 5.5 0.7 
26c 22 78 0.1 51.9 
      
Pd-PVP 27
b
 - - 0.06 51.5 
      
Table 3.5: Recyclability of 3 and 4 in Suzuki-Miyaura biaryl coupling of the p-
bromobenzaldehyde supernatant (sup) and precipitate (ppt); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), Pd (1 mol%), solvent (a-toluene, b-CH2Cl2, c-
H2O; 3.0 mL), 40 °C, 20 h; all reactions were monitored by GC. 
a
 % Pd of 
supernatant and precipitate determined by ICP-MS. 
b
 p-bromobenzaldehyde 
(0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), H2O 
(3.0 mL), Pd-PVP (0.537 mmol), 40 °C, 20 h. 
Finally, the original reaction conditions were repeated using fresh reagents, and 
either the isolated solid or the liquid phase was subsequently added to each reaction 
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mixture. In each case, the supernatant was injected directly into the sample. The solid 
phase required the addition of fresh solvent in order to dissolve/suspend the residual 
solids. The products of the repeated reactions were monitored by means of GC (Table 
3.5). Interestingly, the supernatant and precipitate of 4 were both quite inactive, 
especially when employed in CH2Cl2 (Table 3.5; entries 26a-c). In contrast, both the 
supernatant and the residual solids of 3 were capable of activating the C‒Br bond in each 
of the three solvents that were tested (Table 3.5; entries 25a-c). Thus, even though it 
became evident that 3 or 4 was present only in the supernatant layer, the Pd(II) metal 
centre remained strongly bonded to the two carbene ligands when solubilized in CH2Cl2. 
Upon subsequent re-use of the supernatant layer, a conversion of 29% was accomplished 
by 3, while that for 4 was only 5% (Table 3.5; entries 25b & 26b).  
In contrast, only the residual solids from the initial reaction in H2O afforded p-
biphenylaldehyde from p-bromobenzaldehyde (Table 3.5; entries 25c & 26c). This 
unique result confirmed that 3 and 4 had formed poorly-defined, yet catalytically-active 
heterogeneous (colloidal or nanoparticulate) species in aqueous media. These active Pd 
species are difficult to fully characterize. Ananikov and co-workers recently suggested a 
‘cocktail-type’ mixture of several active Pd transient intermediate entities.
188,191
 
Intriguingly, the nonpolar organic solvent also assisted in the decomposition of the 
molecular species, which resulted in the formation of active supernatant and precipitate 
layers (Table 3.5 entries 25a & 26a). It therefore became evident that organic solvents 
encouraged homogeneous molecular catalysis, while aqueous media caused catalyst 
degradation which in turn, resulted in formation of the active ‘heterogenised’ Pd species.  
In comparison with recently reported catalysts (IMes)PdCl2PPh3 and 
(IPr)PdCl2PPh3, 3 and 4 exhibited appreciably lower reactivity toward substituted aryl 
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halides for the Suzuki-Miyaura cross-coupling reaction. The elevated activity of 
(IMes)PdCl2PPh3 and (IPr)PdCl2PPh3 may be attributed to two factors: (1) the strong σ-
donation of the NHC moiety and (2) the labile character of the phosphine ligand. In the 
case of 3 and 4, the NHC ligands may be too tightly bound to the Pd metal centre, 
supported by a strong trans influence, and thereby are slow to dissociate to yield the 
required active species. In addition, all solvent trends were confirmed by means of 
replicate Suzuki couplings in toluene, CH2Cl2, and H2O. Reactions employed in CH2Cl2 
enabled molecular catalysis of all catalysts, whereas partial and full decomposition 
occurred in toluene and aqueous solutions, respectively.  
3.4 CONCLUSIONS 
In conclusion, two new Pd(II) bis(carbene) catalysts have been synthesized and 
studied for their catalytic activities in toluene, CH2Cl2, and H2O. 3 activated C‒X bonds 
primarily in aqueous solvent mixtures. Due to the ease of oxidative addition of highly 
polarizable bonds, 3 readily generated biaryl products from all aryl iodides and most aryl 
bromides examined. Unfortunately, this process was discouraged for comparable aryl 
chlorides. The large bond dissociation energy of the C‒Cl bond resulted in incomplete 
activation of these aryl chlorides. It was discovered that the mean plane angle and short 
Pd1‒C1 bond distance of 3 promoted ligand dissociation and subsequent catalytic activity 
for the hetero-coupled product in polar aprotic solvents. Without either of these 
constraints, 4 retained two strong Pd‒Ccarbene bonds, thus rendering the catalyst 
completely inactive. By means of filtration tests, it was concluded that these catalysts 
decompose to a more active heterogenised catalyst in aqueous media, but primarily 
maintain their molecular structures in organic solvent mixtures. 
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3.6 SUMMARY OF KEY RESULTS 
 3 was significantly more active than 4 
 H2O facilitated the highest catalytic activity, although the catalysts were 
proven to decompose when employed in this solvent system 
 Both catalysts were more selective in CH2Cl2 than toluene 
 Neither catalyst fully activated the CCl bond in aryl chloride substrates 
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3.7 EXPERIMENTAL 
3.7.1 General Procedures 
All glassware was oven-dried before use.  All reagents were obtained 
commercially and used without further purification.  Toluene and THF were dried over 
sodium and freshly distilled prior to use.  The dichloromethane was dried over calcium 
hydride and freshly distilled prior to use.  The starting materials IMes(BIAN)[AgCl] and 
IPr(BIAN)[AgCl] were synthesized according to published procedures.   
3.7.2 Physical Measurements 
Low-resolution CI mass spectra were obtained on a Thermo Scientific TSQ 
Quantum GC mass spectrometer and high-resolution CI mass spectra were recorded on a 






H} NMR spectra were 
recorded at 295 K in the indicated solvent on a Varian Unity 300 (
1
H, 300 MHz; 
13
C, 75 
MHz) or a Varian AS400 spectrometer (
1
H, 400 MHz; 
13
C, 100 MHz) immediately 
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following sample preparation.  Deuterated solvents were obtained from Cambridge 







shift values are reported in parts per million (ppm) relative to SiMe4 (δ 0.00), using 
solvent resonances as internal standards.   Absorption spectra were recorded on a Varian 
Cary 6000i UV-VIS-NIR spectrophotometer with Starna Quartz fluorometer cells with a 
pathlength of 10 mm.  Gas chromatography (GC) was performed on an Agilent 6850 gas 
chromatograph (HP-1 column, l = 30 m, I.D. = 0.32 mm) equipped with a flame 
ionization detector (FID). The GC oven temperature was held at 50 °C for 3 min, then 
increased to 300 °C at 30 °C min
‒1
.  The internal standard mesitylene was used to aid in 
measuring reaction conversions.  
3.7.3 Preparations 
3.7.3.1 (IMes)2PdCl2 (3) 
Toluene (5 mL) was added to an aluminium covered 50 mL round bottom flask 
that contained IMes(BIAN)[AgCl]
226
 (0.4915 g, 0.861 mmol) and Pd(OAc)2 (0.092 g, 
0.410 mmol). The reaction mixture was refluxed for 16 h, following which it was cooled 
to ambient temperature and filtered over celite. The resulting precipitate was extracted 
from the celite using dichloromethane, following which the solvent was removed under 
reduced pressure. Recrystallization from tetrahydrofuran afforded an analytically pure 
yellow solid (0.4785 g, 54%). MS (CI
+




H NMR (CDCl3): δ 
2.28 (s, 12H, CH3), 2.75 (s, 6H, CH3), 7.08 (d, 2H, Naph-H), 7.46 (s, 4H, Ar-H), 7.51 (t, 
2H, Naph-H), 7.83 (d, 2H, Naph-H); 
13
C NMR (CDCl3): δ 137.73, 136.01, 134.32, 
129.70, 129.12, 127.40, 126.15, 120.33, 21.42, 19.05. 
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3.7.3.2 (IPr)2PdCl2 (4)  
Toluene (15 mL) was added to an aluminium covered 50 mL round bottom flask 
that contained IPr(BIAN)[AgCl] (0.3018 g, 0.461 mmol) and PdCl2(ACN)2 (0.0568 g, 
0.219 mmol). The reaction mixture was refluxed for 16 h, following which it was cooled 
to ambient temperature, filtered over celite, and washed with tetrahydrofuran. The solvent 
was then removed from the filtrate under reduced pressure. 4 was recrystallized from 
toluene, followed by solvation in chloroform. The product was then filtered over celite 
affording an analytically pure yellow solid (0.056 g, 20%). MS (CI
+





H NMR (CDCl3): δ 0.69 (d, 24H, CH3), 0.98 (d, 24H, CH3), 3.20 (sept, 8H, -
CH(CH3)2), 6.43 (d, 4H, Naph-H), 7.18-28-7.36 (d/t, 16H, Naph-H, iPr-Ar-H), 7.51 (d, 
4H, iPr-Ar-H); 
13
C NMR (CDCl3): δ 179.47, 146.70, 139.78, 135.11, 129.46, 126.95, 
124.26, 121.51, 28.45, 25.42, 24.02. 
3.7.4 General Procedure for Suzuki Cross-Coupling Reactions 
Deionized water, dry dichloromethane or dry toluene (3 mL) was added to a 20 
mL scintillation vial containing the aryl halide (0.267 mmol), phenylboronic acid (0.321 
mmol), potassium carbonate (0.802 mmol) and the internal standard mesitylene (0.267 
mmol). The scintillation vial was covered with a septum and wired down. The stirred 
reaction mixture was then heated to 40 °C. The catalyst concentration was determined by 
means of UV-Vis spectroscopy and injected rapidly into the reaction mixture (1.0 mol% 
of 3 or 4). The resulting reaction mixture was allowed to stir for twenty hours for all the 
aryl iodides and bromides. On the other hand, the aryl chlorides required 48 hours to 
reach complete conversion. The resulting reaction mixture was cooled to ambient 
temperature, filtered over celite and washed with diethyl ether. The solvents were 
evaporated from the organic layer, thereby producing the desired product. The reactions 
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were monitored by GC and the percent conversions were calculated based on the aryl 




Chapter 4:  Suzuki-Miyaura cross-coupling reactions performed with 
silica-anchored bis(imino)acenaphthene (BIAN)-supported 
palladium(II) carbene complexes 
4.1 ABSTRACT 
The syntheses of two novel silica-anchored BIAN heterogeneous catalysts are 
described, in addition to an assessment of their activities for the Suzuki-Miyaura cross-
coupling reaction and full characterization by UV-vis, IR, and TGA spectroscopy. The 
catalysts were found to maintain 0.155–0.868 mmol g
–1
 of palladium on the basis of ICP-
MS. The catalytic activities were monitored by GC post-catalysis. Both catalysts 
exhibited CX activation for the Suzuki reaction in toluene or water solution, specifically 
for aryl iodides and bromides. A direct comparison with the homogeneous analog is 
reported, which indicated that the heterogeneous version was found to be significantly 
less active. However, under optimized reaction conditions, the heterogeneous catalysts 
were found to be more active in tetrahydrofuran than in toluene or water under otherwise 
identical reaction conditions.   
4.2 INTRODUCTION 
The Suzuki-Miyaura cross-coupling reaction represents a pivotally important 
method for industrial carboncarbon bond formation in pharmaceuticals, natural 
products, and agrochemicals.
28–34
 In this reaction, functionalized aryl halides and 
organoboranes are treated with Group X complexes, thus forming biphenyl products. 
Typically, a base is employed to accelerate the transmetallation step, and reductive 
elimination processes (Scheme 1.3).
2,4
 The catalysts for the Suzuki reaction generally 
contain either a phosphine ligand
3,37,43
 or an N-heterocyclic carbene (NHC) to assist in 
the CX activation
4,5,56,85
. The bulky nature of the phosphine ligand in conjunction with 
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the strong σ–donation of the NHC provides the catalyst with the necessary stability 
toward air and moisture.
109–113
 However, it is interesting to note that only a few examples 
exist in the catalyst literature of systems containing both types of ligands. This situation 
arises because the trans influence of the NHC encourages the labile phosphine ligand to 
dissociate, thereby generating an open site on the catalyst metal center. Nevertheless, the 
resulting complexes appear to be ideal candidates for the Suzuki reaction.  
The catalytic activities of two such catalysts based on the bis(imino)acenaphthene 
(BIAN) carbene ligand (1, 2; see chapter 2) were reported recently.
226 
Catalysts 1 and 2 
were employed in toluene, dichloromethane, and water each as examples of 
nonpolar/polar organic solvents or as environmentally benign solvents, respectively. 
Reactions involving a variety of aryl halides were also examined, with the specific 
objective of activating functionalized aryl chlorides. Although C‒Cl bonds are 
considerably less reactive than those of the analogous C‒X bonds (C‒Cl > C‒Br > C‒I; 
407, 346, 280 kJ mol
–1
, respectively), such aryl chlorides are favored for industrial use 
due to the relative ease of byproduct waste removal.
6
 Typically, these complexes 
remained intact as homogeneous catalysts in dichloromethane solution. However, in 
toluene or aqueous solution the production of the desired hetero-coupled compound was 
a direct result of the decomposition of 1 or 2 into more active, presumably heterogeneous, 
catalysts. Ananikov et al. attempted to explain these and similar observations based on a 
mechanism referred to as a “cocktail of catalysts” (Scheme 1.34).
188,191
 This hypothesis 
suggested that molecular complexes were in equilibrium with both metal clusters and 
metal nanoparticles, all of which contributed to the overall creation of the final product. 
Furthermore, the authors discuss the ambiguity in the identification of the actual active 
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In an attempt to circumvent the catalyst decomposition problem that was 
encountered in toluene and water, several heterogeneous catalysts were designed based 
on the most reactive homogeneous catalyst, 2. These greener, insoluble catalysts were 
created with the objective of achieving easy separation and recovery. In turn, this 
permitted the addition and subsequent reuse with fresh reagents for further Suzuki 
couplings of activated aryl halides and phenylboronic acids.
132,138,152
 The initial catalyst 
design was along similar lines to those of catalysts 3 and 4, in which two NHC ligands 
were directly coordinated to the palladium metal center (Figure 4.1).
205,206
 Due to the 
inactivity of 3 and 4, the metallopolymer was considered not to be useful for further 
investigation. As a consequence, a new polymer involving organic linkers with Pd 
pendants was developed (Figure 4.2). However, further examination of similar systems 
evidenced minimal reactivity in aqueous media due to hydrophobic solvent interactions.  
 
 
Figure 4.1: Metallopolymer based on bifunctional BIAN ligand based on the 3-D 




Figure 4.2: Design of 1-D metal organic polymer of Pd(II) BIAN species incorporating 
organic linkers. 
The resulting two catalysts were developed with the objective of anchoring 2 to a 
solid-support, such as polystyrene, alumina, or silica.
132,138–140,152–155
 It has been 
determined previously that NHC ligands exhibit higher reactivities on silica supports,
166–
170
 whereas phosphine ligands attached to polystyrene generate larger quantities of the 
biaryl products.
133–136
 As a consequence, silica was selected as the solid-support for the 
new catalyst; silica naturally exists as a chemically inert species, and thereby has no 
interference with the palladium metal centers. Although the most active NHC-anchored 
catalysts presented in the literature are tethered to silica by means of the aromatic groups 
as opposed to the NHC backbone (Figures 4.3 & 4.4, respectively), the BIAN ligand was 
believed to be too bulky in character to exhibit activity if tethered in this manner. 
Alternatively, it was considered that an elongated aliphatic tether could be employed to 
anchor the ligand to a solid-support via the BIAN backbone, thus creating an ideal 
candidate for the heterogeneous Suzuki-Miyaura cross-coupling reaction. Herein are 






Figure 4.3: Design of asymmetrical silica-anchored BIAN catalyst. 
 
Figure 4.4: Design of silica-anchored catalyst using the BIAN backbone. 
4.3 RESULTS AND DISCUSSION 
4.3.1 Synthesis of 5 
The N-heterocyclic palladium(II) carbene catalysts presented here were developed 
as heterogeneous alternatives to the previously reported soluble catalysts, 
(IMes)PdCl2PPh3 and (IPr)PdCl2PPh3.
226
 The homogeneous synthetic route was proved to 
be impractical for the production of the methylated-BIAN ligand, and therefore an 
entirely new synthetic procedure was formulated (Scheme 4.1a). For this purpose, 
aluminum chloride was treated with oxalyl chloride and 1-methylnaphthalene in carbon 
disulfide, thereby producing A-I in low yield. Subsequently, a condensation reaction was 
performed on A-I with 2,6-diisopropylaniline in glacial acetic acid to afford A-II via the 
elimination of water. This reaction was followed by treatment of A-II with chloromethyl 
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methyl ether in a pressure vessel in order to obtain analytically-pure A-III. Following 
this, N-bromosuccinimide was added to A-III along with a radical initiator (benzoyl 
peroxide) to afford A-IV in moderate yields. Meanwhile, functionalized silica gel was 
prepared according to literature procedures (Scheme 4.1b),
229 
and A-IV was then tethered 
to the functionalized silica via a condensation reaction that produced A-V. The 
corresponding silver(I)-carbene was then created by means of the reaction of A-V with 
silver oxide in a 1:1 mixture of dichloromethane and tetrahydrofuran. Finally, the 
heterogeneous catalyst, 5, was generated by means of a transmetallation reaction of A-VI 






Scheme 4.1: (a) Synthesis of silica-anchored BIAN palladium catalyst 5 (b) Synthesis of 
functionalized silica. 
4.3.2 Characterization of 5  
The heterogeneous catalyst was characterized by means of UV-vis and IR 
spectroscopy. The UV-vis absorption profiles for A-V, 2, and 5 in dichloromethane are 
presented in Figure 4.5, in which 2 and 5 show similar n→π
*
 transitions [300 nm (2); 260 
nm (5)], π→π
*
 transitions [325 nm (2); 275 nm (5)], and LMCT bands [355 nm (2); 350 
nm (5)]. Furthermore, the λmax for each compound was monitored for solvatochromism 
effects. Upon complexation of A-V with Pd(0) to generate 5, a distinct blue shift was 
observed due to the loss of stabilizing electrostatic interactions provided by the 
imidazolium cations and the corresponding chloride anions. Interestingly, a much larger 
blue shift was observed when the analogous homogeneous and heterogeneous catalysts 
were compared. It is plausible that the introduction of the long aliphatic tether to the 
BIAN backbone destabilizes the ground state of the heterogeneous catalyst due to the 





Figure 4.5: UV-vis spectra of (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 (A-
V, light grey), and (NHC)PdCl2(PPh3)@SiO2 (5, black). 
As might be expected, identical energy shifts were observed for the IR spectra 
that were measured (Table 4.1). The functionalized silica gel (APTES@SiO2) exhibited 
higher energy absorptions than those of the analogous imidazolium salts, possibly due to 
the stabilizing effects of the ionic interactions in A-V. Once again, higher energy 
frequencies were observed in the case of 5 than in the corresponding compound, A-V.  
 






APTES@SiO2 1659 1554 
A-V 1619 1527 
5 1650 1556 
   




Thermogravimetric analysis (TGA) was also performed on compounds A-V, 2, 
and 5 with the objective of differentiating the thermal stability of the homogeneous and 
heterogeneous systems. The resulting TGA data clearly distinguished A-V and 5 from 2, 
since A-V and 5 retained 83% of their mass at 800 °C. Under identical conditions, 2 
decomposed in two clear phases at 300 and 350 °C due to the loss of the phosphine and 
NHC ligands, respectively. In fact, the gradual increase in temperature to 800 °C resulted 
in decomposition of 84% of the homogeneous catalyst, whereas only 17% decomposition 
was observed in the case of 5.  
 
 
Figure 4.6: TGA for (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 (A-V, light 
grey), and (NHC)PdCl2(PPh3)@SiO2 (5, black). 
4.3.3 Optimization of the catalytic activity of 5 
 Catalyst 5 was probed for its reactivity in the Suzuki-Miyaura cross-coupling 
reaction of aryl halides with phenylboronic acid under the optimized conditions 
previously presented for homogeneous catalysts 1-4. Initially, the reaction was 
159 
 
investigated using aryl bromides containing substituents in the para position relative to 
the C–Br bond in toluene, CH2Cl2, or aqueous solutions. The palladium content of 5 was 
determined by ICP-MS analysis (0.155–0.868 mmol g
–1
) and the generation of the 
hetero-coupled product was monitored by GC. The aryl bromide (0.270 mmol), 
phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), and 5 (0.0027 mmol Pd) were 
stirred at 40 °C for 20 h. The pertinent results are presented in Table 4.2. In all cases, 
very little CBr activation occurred. The catalyst appeared to be most active in aqueous 
solution; however it was only selective for the undesirable homo-coupled product (Table 
4.2; entries 1-4c). Interestingly, 5 exhibited the highest reactivity in CH2Cl2, and was 
therefore utilized as the ideal reaction medium in subsequent optimization studies. 
Unfortunately, when the catalyst loading was increased to 5.0 mol% Pd, the p-biphenyl 
compounds were only generated in small quantities (Table 4.3). For example, only 10% 




















1a 1.0 40 0 0 
1b 1.0 40 0.2 100 
1c 1.0 40 4.1 0 
      
 
2a 1.0 40 0.7 71.6 
2b 1.0 40 0.9 66.8 
2c 1.0 40 9.2 0 
      
 
3a 1.0 40 0 0 
3b 1.0 40 0.1 23.7 
3c 1.0 40 2.5 0 
      
 
4a 1.0 40 0.01 0 
4b 1.0 40 0.4 50.7 
4c 1.0 40 0.1 0 
      
Table 4.2: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction conditions: 
aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 
(0.811 mmol), 5 (1.0 mol% Pd), solvent (a-toluene, b-CH2Cl2, c-H2O; 3.0 
























5 5.0 40 10.8 97.0 
      
 
6 5.0 40 2.0 56.6 
      
 
7 5.0 40 0.8 54.1 
      
Table 4.3: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction conditions: 
aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 
(0.811 mmol), 5 (5.0 mol% Pd), solvent (CH2Cl2; 3.0 mL), 40 °C, 20 h; all 
reactions were monitored for conversion by GC. 
In the interest of catalyst conservation, the temperature was increased from 40 to 
65 °C, and the catalytic activity of 5 was investigated at 5.0 mol% Pd catalyst loading 
with respect to the activated aryl bromide (Table 4.4). As a consequence of the change in 
temperature, CH2Cl2 was replaced with toluene in order to maintain the temperature of 
the reaction mixture adequately. However, the catalyst was found to be only slightly 




















8 5.0 65 19.6 97.6 
      
Table 4.4: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction conditions: 
aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 
(0.811 mmol), 5 (5.0 mol% Pd), solvent (toluene; 3.0 mL), 65 °C, 20 h; all 
reactions were monitored for conversion by GC. 
Fortunately, the increase in reaction temperature appeared to increase the yield of 
the desired hetero-coupled product. This fortuitous result led to an investigation of the 
original four para-substituted aryl bromides with 5.0 mol% Pd at 100 °C in both toluene 
and aqueous solutions (Table 4.5). Interestingly, the catalyst operated similarly in both 
reaction media; however, the catalyst exhibited higher reactivity in H2O than in toluene. 
The biaryl products were formed in the highest yields from the activated aryl bromides, 
followed in succession by the corresponding deactivated and unactivated systems (Table 
4.5; entries 9-11a,c). Surprisingly, 5 demonstrated substantially higher reactivity with p-






















9a 5.0 100 83.1 96.4 
9c 5.0 100 98.7 99.8 
      
 
10a 5.0 100 46.1 81.3 
10c 5.0 100 60.4 90.8 
      
 
11a 5.0 100 32.4 79.1 
11c 5.0 100 49.8 78.3 
      
 
12a 5.0 100 31.9 76.0 
12c 5.0 100 14.2 84.6 
      
Table 4.5: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction conditions: 
aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 
(0.811 mmol), 5 (5.0 mol% Pd), solvent (a-toluene, c-H2O; 3.0 mL), 100 °C, 
20 h; all reactions were monitored for conversion by GC. 
Although the reactivity of 5 improved at elevated temperatures, it was decided to 
increase the catalyst loading to 10.0 mol% Pd in an attempt to enhance the reactivities of 
the aryl bromides containing electron withdrawing or neutral substituents. A summary of 
the outcomes of these reactions is presented in Table 4.6. With the presence of a larger Pd 
content in the reaction mixture, the hetero-coupled product was generated in significantly 
higher yields than those with only 5.0 mol% Pd (Tables 4.5 & 4.6). For example, 5 
coupled p-bromoanisole to phenylboronic acid in the Suzuki reaction in 46 and 60% 
conversions at 5.0 mol% Pd and 68 and 83% conversion at 10.0 mol% Pd in toluene and 
water, respectively (Tables 4.5 & 4.6; entries 10a,c & 14a,c). The optimized 
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heterogeneous reaction conditions required 10.0 mol% Pd at 100 °C for the experiments 

















13a 10.0 100 89.6 94.6 
13c 10.0 100 100 99.9 
      
 
14a 10.0 100 68.0 76.3 
14c 10.0 100 83.0 89.9 
      
 
15a 10.0 100 63.2 75.0 
15c 10.0 100 67.0 86.5 
      
 
16a 10.0 100 49.1 70.8 
16c 10.0 100 20.9 87.4 
      
Table 4.6: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction conditions: 
aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 
(0.811 mmol), 5 (10.0 mol% Pd), solvent (a-toluene, c-H2O; 3.0 mL), 100 
°C, 20 h; all reactions were monitored for conversion by GC. 
4.3.4 Catalytic activity of 5  
After the optimal reaction conditions had been established, a thorough 
investigation of the reactivity of 5 was completed. Control studies were performed with 
p-bromobenzaldehyde and phenylboronic acid utilizing SiO2, APTES@SiO2, or A-V 
instead of 5, in order to confirm the identity of the catalyst. Fortunately, no conversion to 
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the p-biphenylaldehyde was observed by GC and therefore it was confirmed that 5 was 














17a 100 0 0 
17b 80 0 0 
17c 100 0 0 
     
APTES@SiO2 
18a 100 0 0 
18b 80 0 0 
18c 100 0 0 
     
A-V 
19a 100 0 0 
19b 80 0 0 
19c 100 0 0 
     
Table 4.7: Suzuki-Miyaura biaryl coupling of p-bromobenzaldehyde by SiO2, 
APTES@SiO2 or A-V; Reaction conditions: aryl bromide (0.270 mmol), 
phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), compound (10.0 
mol% Pd), solvent (a-toluene, b-THF, c-H2O; 3.0 mL), 100 °C, 20 h; all 
reactions were monitored for conversion by GC. 
The analysis of 5 began with the examination of p-iodobenzaldehyde, for which 
complete conversion was attained when the reaction was carried out in aqueous media 
(Table 4.8; entry 20c).  By contrast, the desired compound was only produced in 60% 






     









20a 60.6 99.3 
20c 100 100 
     
Table 4.8: Suzuki-Miyaura biaryl coupling of aryl iodides by 5; Reaction conditions: aryl 
iodide (0.216 mmol), phenylboronic acid (0.259 mmol), K2CO3 (0.647 
mmol), 5 (10.0 mol% Pd), solvent (a-toluene, c-H2O; 3.0 mL), 40 °C, 20 h; 
all reactions were monitored by GC. 
The optimized Suzuki reaction conditions were then expanded to include the 
ortho- and meta-substituted aryl bromides of the para-substituted families of aryl 
bromide substrates in Table 4.6 that had been examined previously. A summary of the 
catalytic activity of 5 toward all the aryl bromides that were tested is presented in Table 
4.9. In general, each catalyst exhibited significantly higher activity in aqueous solutions 
than the corresponding organic media, except in the case of p-bromoethylbenzene (Table 
4.9; entries 28a,c). Moreover, 5 consistently demonstrated higher activity toward aryl 
bromides with substituents in the para-position than was the case with analogous ortho- 
or meta-substituted substrates (Table 4.9; entries 23c & 26c). It was particularly 
interesting to find that within a family of aryl bromides, catalyst 5 showed essentially the 
same reactivity toward ortho- or meta-reagents. It should be noted, however, that the 






     





21a 77.9 95.6 
21c 84.8 95.3 
     
 
5 
22a 65.1 87.5 
22c 83.3 40.0 
     
 
5 
23a 89.6 94.6 
23c 100 99.9 
     
 
5 24a 29.3 72.4 
24c 67.3 19.0 
     
 
5 
25a 51.6 85.4 
25c 68.2 28.7 
     
 
5 
26a 68.0 76.3 
26c 83.0 89.9 
     
 
5 
27a 63.2 75.0 
27c 67.0 86.5 
     
 
5 
28a 49.1 70.8 
28c 20.9 87.4 
     
Table 4.9: Suzuki-Miyaura coupling by 5; Reaction conditions: aryl bromide (0.270 
mmol), phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), 5 (10.0 
mol% Pd), solvent (a-toluene, c-H2O; 3.0 mL), 40 °C, 20 h; all reactions 
were monitored for conversion by GC. 
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It was difficult to identify any clear trends for the reactions that were carried out 
in toluene solutions: the catalyst selectively activated the CBr bond in para-substituted 
substrates, followed in succession by the ortho- and meta- aryl bromides (Table 4.9; 
entries 21a & 22a). Conversely, 5 was found to be more reactive with meta-substituted, 
deactivated systems than with the corresponding ortho-reagents (Table 4.9; entries 24a & 
25a). This difference in reactivity trends may be attributed to a stronger steric influence 
in the case of the deactivated aryl bromides, whereas electronic effects may be more 
important for the analogous activated systems.  
The final investigation of the catalytic activity of 5 for the Suzuki-Miyaura cross-
coupling reaction was carried out by the exploration of the reactivities of the 
chlorobenzaldehyde family. It was decided to probe this particular family of aryl 
chlorides due to their previously measured high reactivity toward activated aryl chlorides 
using the analogous homogenous catalyst (2). Unfortunately, under these reaction 
conditions, it was discovered that 5 selectively generated the homo-coupled product 
(Table 4.10), thus rendering the catalyst inactive toward CCl activation. Optimization of 













     









29a 13.5 5.8 
29c 74.4 12.3 
     
 
5 
30a 10.1 2.5 
30c 12.2 0 
     
 
5 
31a 9.5 17.4 
31c 1.2 0 
     
Table 4.10: Suzuki-Miyaura biaryl coupling of aryl chlorides by 5; Reaction conditions: 
aryl chloride (0.357 mmol), phenylboronic acid (0.429 mmol), K2CO3 (1.07 
mmol), 5 (10.0 mol% Pd), solvent (a-toluene, c-H2O; 3.0 mL), 40 °C, 48h; 
all reactions were monitored by GC. 
4.3.5 Recyclability of 5  
Although 5 was unable to activate the CCl bond for the Suzuki-Miyaura cross-
coupling reaction of aryl chlorides with phenylboronic acid, the catalyst exhibited 
substantial reactivity toward p-bromobenzaldehyde in both toluene and water. The 
reactivity was found to be comparable to that observed for the analogous homogeneous 
catalyst (2). It was determined subsequently that 2 operated in a combined 
homogeneous/heterogeneous manner in toluene solutions and only heterogeneously in 
aqueous media by means of hot filtration tests and ICP-MS analysis. In order to compare 
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the homogeneous and heterogeneous catalysts directly, a hot filtration test was performed 
on 5 in an effort to establish the active Pd species in solution. This was achieved by 
terminating a Suzuki reaction after 20 h in either toluene or H2O solution, followed by 
immediate centrifugation (15 min, 8.5 krpm) of the hot reaction mixture in order to 
separate the supernatant and the precipitate. Each reaction layer was then analyzed by 
ICP-MS to measure the Pd content of each sample (Table 4.11). In both media, the 
majority of Pd was found in the precipitate, which is typical of the behavior of insoluble 
heterogeneous catalysts. It was particularly noteworthy that significantly more Pd metal 
was present in the supernatant layer of the toluene solution (Table 4.11; entry 32a), thus 




    









32a 7 93 36.1 14.5 
32c <1 >99 64.4 23.1 
      
Pd-PVP 33
b
 - - 0.06 51.5 
      
Table 4.11: Recyclability of 5 in Suzuki-Miyaura biaryl coupling of the p-
bromobenzaldehyde supernatant (sup) and precipitate (ppt); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), Pd (10 mol%), solvent (a-toluene, c-H2O; 3.0 
mL), 40 °C, 20 h; all reactions were monitored by GC. a % Pd of 
supernatant and precipitate determined by ICP-MS. 
b
p-bromobenzaldehyde 
(0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 (0.811 mmol), H2O 
(3.0 mL), Pd-PVP (0.537 mmol), 40 °C, 20 h. 
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The supernatant and precipitate were separated and injected into fresh reaction 
mixtures containing new reagents. Each system was heated to 40 °C and stirred 
vigorously for 20 h. The resulting reaction mixtures were monitored by GC for 
conversion to p-biphenylaldehyde (Table 4.11). Interestingly, even though small amounts 
of Pd existed in the aqueous supernatant layer, it proved to have the highest reactivity 
toward the new p-bromobenzaldehyde reagent (Table 4.11; entry 32c). Furthermore, the 
insoluble Pd species activated the CBr bond in less than 25% conversion in both toluene 
and water (Table 4.11; entry 32a,c). The recyclability of 5 was further explored by 
performing the hot filtration test consecutively two additional times. The fast deactivation 
of the catalyst is pictorially represented by Figure 4.7, and the corresponding activity data 
is summarized in Table 4.12. The catalyst rapidly became inactive following the second 
trial in toluene, whereas approximately 20% conversion was realized when the reaction 
was carried out in H2O.  
In conclusion, these results indicate that the catalyst experienced slight 
decomposition in toluene solutions, yet remained intact as a heterogeneous species in 
aqueous media. Although metallic Pd was present in the supernatant layer of each 
solvent, the Pd species in H2O was significantly more active than the related catalyst 
entities in toluene. This outcome can be attributed to the decomposition of the catalyst 
into different types of soluble Pd species, dependent upon the nature of the reaction 
medium. Furthermore, the precipitate was unsuccessfully recycled in both toluene and 
H2O, thus rendering the heterogeneous catalyst essentially useless. Taken collectively, 
the previous examples demonstrate that the performance of the heterogeneous catalyst (5) 







Figure 4.7: Recyclability for (NHC)PdCl2(PPh3)@SiO2 (5) in toluene (grey) and H2O 




      
Entry Solvent Trial 1 [%] Trial 2 [%] Trial 3 [%] Trial 4 [%] 
34 Toluene 82.0 14.5 0.5 0 
35 H2O 94.6 23.1 19.1 20.8 
      
Table 4.12: Recyclability of 5 in Suzuki-Miyaura biaryl coupling of the p-
bromobenzaldehyde supernatant (sup) and precipitate (ppt); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), Pd (10 mol%), solvent (toluene, H2O; 3.0 
mL), 40 °C, 20 h; all reactions were monitored by GC. 
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4.3.6 Synthesis and characterization of 6  
In an attempt to design a more effective heterogeneous catalyst, the tether length 
of 5 was altered by utilizing alternative substituted-naphthalene reagents. In the case of 1-
ethylnaphthalene, a similar synthetic route was used for the generation of catalyst 6 as 
used to prepare 5 (Scheme 4.2; see experimental section for further synthetic details). 
These starting materials are more expensive than those used to obtain 5, in addition to a 
low overall yield of 2.7%. Catalyst 6 was characterized by means of UV-vis, IR, and 
TGA and comparable trends were observed to those for 5. However, B-V exhibited peaks 
at lower energy due to the stability provided by the electrostatic interactions of the 
imidazolium and counteranions, whereas a blue shift was observed following the 
complexation of B-V with Pd metal (Figure 4.8 and Table 4.13). TGA data for 6 revealed 
a total weight loss of 19%, which suggests that the ligand is in fact tethered onto the silica 
surface. Furthermore, this observation also indicated that two separate decompositions 
occur, correlating to the sequential loss of a phosphine ligand, followed by the NHC 













Figure 4.8: UV-vis spectra of (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 (B-
V, light grey), and (NHC)PdCl2(PPh3)@SiO2 (6, black). 
 
 






APTES@SiO2 1659 1554 
B-V 1633 1480 
6 1650 1556 
   






Figure 4.9: TGA for (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 (B-V, light 
grey), and (NHC)PdCl2(PPh3)@SiO2 (6, black). 
4.3.7 Catalytic activity of 6  
The catalytic activity of 6 for the Suzuki-Miyaura reaction was probed by 
repeating the experiments that were performed with p-aryl bromides and 5 in toluene at 
100 °C. The initial experiments were carried out using 5.0 mol% Pd. The reactions were 
terminated after twenty hours and analyzed for conversion to the p-biphenyl products by 
GC. As might be expected, the low catalyst loading only afforded minor quantities of the 
desired hetero-coupled product (Table 4.14). Interestingly, 6 was found to be the most 
reactive toward the activated and deactivated systems (Table 4.14; entries 36 & 37); 
however the homo-coupled product was selectively generated in the case of the activated 




















36 5.0 100 21.9 12.0 
      
 
37 5.0 100 20.2 77.6 
      
 
38 5.0 100 6.8 87.5 
      
 
39 5.0 100 11.9 83.1 
      
Table 4.14: Suzuki-Miyaura biaryl coupling of aryl bromides by 6; Reaction conditions: 
aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 
(0.811 mmol), 6 (5.0 mol% Pd), solvent (toluene; 3.0 mL), 100 °C, 20 h; all 
reactions were monitored for conversion by GC. 
In an attempt to improve the activity of 6, the catalyst loading was increased to 
10.0 mol% Pd. The catalytic activity increased substantially from 21% to 78% 
conversion, simply by doubling the catalyst loading (Table 4.6 & Table 4.15; entries 13a 
& 40). Furthermore, the selectivity also increased dramatically from 12% to 93% for 
generation of the hetero-coupled product. These results were promising, yet at otherwise 
identical reaction conditions, 5 activated p-bromobenzaldehyde with 89% conversion and 
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94% selectivity. In conclusion, the extended tether of 6 was used to promote CBr 
activation in toluene at 100 °C, but the catalyst appeared to be less active than that of the 

















40 10.0 100 78.6 92.9 
      
Table 4.15: Suzuki-Miyaura biaryl coupling of aryl bromides by 6; Reaction conditions: 
aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 
(0.811 mmol), 6 (10.0 mol% Pd), solvent (toluene; 3.0 mL), 100 °C, 20 h; 
all reactions were monitored for conversion by GC. 
4.3.8 Final optimization of 5  
 Catalyst 5 exhibited suitable reactivity toward CX bonds at moderate catalyst 
loadings and high temperatures. The previously discussed reaction conditions were 
optimized with an objective of making direct comparison of catalysts 1-4 and 5. 
However, it was later determined that the catalyst displayed much higher reactivity when 
employed in alternative polar solvents (Table 4.16). In particular, the catalyst was found 



















41 NMP 10.0 80 0.3 85.8 
42 THF 10.0 80 100 100 
43 DME 10.0 80 30.1 97.4 
44 EtOH:H2O 10.0 80 36.4 25.1 
      
Table 4.16: Optimization of 5 in N-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF), 
dimethoxyethane (DME), and ethanol:water (EtOH:H2O 1:1); Reaction 
conditions: p-bromobenzaldehyde (0.270 mmol), phenylboronic acid (0.324 
mmol), K2CO3 (0.811 mmol), 5 (10 mol%), solvent (3.0 mL), 100 °C, 20 h; 
all reactions were monitored by GC. 
Catalyst 5 exhibited the highest activity in THF at 80 °C, and therefore additional 
experiments were performed on p-bromoanisole, p-bromotoluene, and p-
bromoethylbenzene (Table 4.17). Interestingly, 5 selectively constructed the p-biphenyl 
compound from both p-bromoanisole and p-bromoethylbenzene (Table 4.17; entries 46 & 
48). However, only the homo-coupled product was formed in the presence of p-
bromotoluene (Table 4.17; entries 47). Similar trends were observed in toluene and water 
for otherwise identical reaction conditions (Table 4.9; entries 26-28). 5 was also used in 
THF along with p-chlorobenzaldehyde in order to determine its reactivity toward CCl 
bonds (Table 4.18). This resulted in 84% conversion with 62% selectivity in the case of 




















45 10.0 80 100 100 
      
 
46 10.0 80 95.1 98.3 
      
 
47 10.0 80 100 11.2 
      
 
48 10.0 80 93.5 96.6 
      
Table 4.17: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction conditions: 
aryl bromide (0.270 mmol), phenylboronic acid (0.324 mmol), K2CO3 
(0.811 mmol), 5 (10.0 mol % Pd), THF (3.0 mL), 80 °C, 48 h; all reactions 

























49 10.0 80 84.4 62.5 
      
Table 4.18: Suzuki-Miyaura biaryl coupling of aryl bromides by 5; Reaction conditions: 
aryl chloride (0.357 mmol), phenylboronic acid (0.429 mmol), K2CO3 (1.07 
mmol), 5 (10.0 mol % Pd), THF (3.0 mL), 80 °C, 48h; all reactions were 
monitored by GC. 
4.4 CONCLUSIONS 
In conclusion, two new heterogeneous catalysts have been synthesized and 
characterized by means of UV-vis, FT‒IR, TGA, and ICP-MS spectroscopy. The 
complexes contained 0.155–0.868 mmol g
‒1
 of Pd and were able to activate CX bonds 
for the Suzuki reaction. Both catalysts exhibited reactivity toward aryl iodides and 
bromides, however, very little CCl activation was observed. As observed with catalysts 
3 and 4, 5 and 6 were unable to overcome the energy barrier in order to completely 
oxidatively add the aryl chloride substrates to the palladium catalysts. The SN2 
mechanism is dependent on the dissociation of the CX bond and only catalysts 1 and 2 
were able to facilitate such transformations. In comparison with catalyst 2, catalyst 5 was 
found to be significantly less active and was recycled fewer times than the analogous 
homogeneous catalyst. Furthermore, 5 displayed a clear solvent dependence, in which 
higher conversion to the biphenyl product was observed in THF than in toluene or water 
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under otherwise identical reaction conditions. These results may be correlated with the 
tendency of catalysts to leach in highly polar solvents, such as THF. Further exploration 
of the active catalyst in THF is ongoing. 
4.5 SUMMARY OF KEY RESULTS 
 5 and 6 were considerably less active than 2 
 THF facilitated the highest catalytic activity, followed in succession by 
toluene and H2O 
 Neither catalyst effectively activated the CCl bond in aryl chloride 
substrates 
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4.7 EXPERIMENTAL 
4.7.1 General Procedures 
All glassware was oven-dried before use.  All reagents were obtained 
commercially and used without further purification.  Toluene and THF were dried over 
sodium and freshly distilled prior to use.  The dichloromethane was dried over calcium 
hydride and freshly distilled prior to use.   
4.7.2 Physical Measurements 
Low-resolution CI mass spectra were obtained on a Thermo Scientific TSQ 
Quantum GC mass spectrometer and high-resolution CI mass spectra were recorded on a 






H} NMR spectra were 
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recorded at 295 K in the indicated solvent on a Varian Unity 300 (
1
H, 300 MHz; 
13
C, 75 
MHz) or a Varian AS400 spectrometer (
1
H, 400 MHz; 
13
C, 100 MHz) immediately 
following sample preparation. Deuterated solvents were obtained from Cambridge 







shift values are reported in parts per million (ppm) relative to SiMe4 (δ 0.00), using 
solvent resonances as internal standards. Absorption spectra were recorded on a Varian 
Cary 6000i UV-VIS-NIR spectrophotometer with Starna Quartz fluorometer cells with a 
pathlength of 10 mm. Gas chromatography (GC) was performed on an Agilent 6850 gas 
chromatograph (HP-1 column, l = 30 m, I.D. = 0.32 mm) equipped with a flame 
ionization detector (FID). The GC oven temperature was held at 50 °C for 3 min, then 
increased to 300 °C at 30 °C min
‒1
. The internal standard mesitylene was used to aid in 
measuring reaction conversions.  
4.7.3 Preparations 
4.7.3.1 1-methylacenaphthenequinone (A-I) 
Oxalyl chloride (17.5 g, 0.139 mol) was added to a 250 mL Schlenk flask 
containing aluminum chloride (23.2 g, 0.177 mol) in degassed carbon disulfide (100 mL) 
at ‒78 °C. 1-methylnaphthalene (7.05 g, 0.0496 mol) was added to the solution, after 
which the reaction mixture was allowed to warm to ‒10 °C for three hours, followed by 
one hour at ambient temperature. The reaction was terminated by the dropwise addition 
of water and the solvent was removed. Activated carbon (1.0 g) and urea (1.0 g) were 
added to the resulting yellow solid, and were dispersed in aqueous sodium bisulfite. The 
reaction mixture was heated to 80 °C for an hour, after which it was immediately filtered 
(note: both filtrate and precipitate contain product). Concentrated hydrochloric acid was 
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added to the filtrate and rapidly heated to 80 °C until yellow needle-type crystals 
precipitated out of solution. Meanwhile, the resulting black precipitate and additional 
activated carbon (1.0 g) were re-dispersed in aqueous sodium bisulfite and heated to 80 
°C. This procedure was repeated until the analytically pure yellow crystals ceased to 
appear (2.39, 25%). MS (CI
+
, CH4): m/z 197.1 [M + H]
+
, 219.0 [M + Na]
+





H NMR (CDCl3): δ 2.85 (s, 3H, Naph-CH3), 7.66 (d, 1H, Naph-H), 7.84 (t, 1H, 
Naph-H), 8.03 (d, 1H, Naph-H), 8.07 (d, 1H, Naph-H), 8.32 (d, 1H, Naph-H); 
13
C NMR 
(CDCl3): 145.93, 142.63, 129.84, 129.49, 128.72, 128.56, 128.01, 122.26, 121.98, 
121.65, 19.25 
4.7.3.2 1-ethylacenaphthenequinone (B-I) 
Oxalyl chloride (22.8 g, 0.181 mol) was added to a 250 mL Schlenk flask 
containing aluminum chloride (30.19 g, 0.230 mol) in degassed carbon disulfide (150 
mL) at ‒78 °C. 1-ethylnaphthalene (10.1 g, 0.06474 mol) was added to the solution, after 
which the reaction mixture was allowed to warm to ‒10 °C for three hours, followed by 
one hour at ambient temperature. The reaction was terminated by the dropwise addition 
of water and the solvent was removed. Activated carbon (1.0 g) and urea (1.0 g) were 
added to the resulting yellow solid, and were dispersed in aqueous sodium bisulfite. The 
reaction mixture was heated to 80 °C for 1 h, after which it was immediately filtered 
(note: both filtrate and precipitate contain product). Concentrated hydrochloric acid was 
added to the filtrate and rapidly heated to 80 °C until yellow needle-type crystals 
precipitated out of solution. Meanwhile, the resulting black precipitate and additional 
activated carbon (1.0 g) were re-dispersed in aqueous sodium bisulfite and heated to 80 
°C. This procedure was repeated until the analytically pure yellow crystals ceased to 
appear (3.275, 12%). MS (CI
+
, CH4): m/z 211.1 [M + H]
+
, 228.1 [M + NH4]
+









H NMR (CDCl3): δ 1.44 (t, 3H, Naph-CH2CH3), 3.25 (q, 2H, 
Naph-CH2CH3), 7.68 (d, 1H, Naph-H), 7.84 (t, 1H, Naph-H), 8.04-8.08 (d/d, 2H, Naph-
H), 8.38 (d, 1H, Naph-H); 
13
C NMR (CDCl3): 148.16, 142.32, 129.12, 127.57, 126.63, 
122.06, 121.22, 25.62, 14.24 
4.7.3.3 1-methyl(dipp)BIAN (A-II) 
A-I (5.0 g, 25.5 mol), 2,6-diisopropylaniline (10.38 g, 58.67 mol), and zinc 
chloride (9.36 g, 68.87 mol) were placed into a 100 mL round bottom flask equipped with 
a condenser. Glacial acetic acid (150 mL) was added via the condenser and the reaction 
mixture was heated to reflux overnight. The reaction mixture was cooled to ambient 
temperature and filtered, after which the orange precipitate was dissolved in 
dichloromethane (50 mL). The zinc was removed from the complex through an extraction 
with aqueous K2C2O4. The resulting organic layer was dried in a crystallization dish 
overnight, producing an analytically pure orange solid (5.087 g, 39%). MS (CI
+
, CH4): 
m/z 515.3 [M + H]
+
, 537.3 [M + Na]
+, 




H NMR (CDCl3): δ 0.94 (d, 
12H, CH3), 1.23 (d, 12H, CH3), 2.61 (s, 3H, Naph-CH3), 3.03 (sept, 4H, -CH(CH3)2), 
6.55 (d, 1H, Naph-H), 6.64 (d, 1H, Naph-H), 7.16 (d, 1H, Naph-H), 7.19-7.26 (d/t, 6H, 
Ar-H), 7.34 (t, 1H, Naph-H), 7.94 (d, 1H, Naph-H); 
13
C NMR (CDCl3): 147.44, 135.39, 
128.17, 127.45, 125.82, 124.21, 123.60, 123.40, 28.58, 23.45, 23.11. 
4.7.3.4 1-ethyl(dipp)BIAN (B-II) 
B-I (0.259 g, 1.23 mmol), 2,6-diisopropylaniline (0.501 g, 2.83 mmol), and zinc 
chloride (0.446 g, 3.28 mmol) were placed into a 50 mL round bottom flask equipped 
with a condenser. Glacial acetic acid (10 mL) was added via the condenser and the 
reaction mixture was heated to reflux overnight. The reaction mixture was cooled to 
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ambient temperature and filtered, after which the orange precipitate was dissolved in 
dichloromethane (15 mL). The zinc was removed from the complex through an extraction 
with aqueous K2C2O4. The resulting organic layer was dried in a crystallization dish 
overnight, producing an analytically pure orange solid (0.402 g, 32%). MS (CI
+
, CH4): 
m/z 529.4 [M + H]
+
, 551.3 [M + Na]
+, 




H NMR (CDCl3): δ 0.95 (d, 
12H, CH3), 1.24 (d, 12H, CH3), 1.31 (t, 3H, Naph-CH2CH3), 2.91 (q, 2H, Naph-
CH2CH3), 3.02 (sept, 4H, -CH(CH3)2), 6.57 (d, 1H, Naph-H), 6.63 (d, 1H, Naph-H), 7.03 
(d, 1H, Naph-H), 7.16-7.25 (d/t, 6H, Ar-H), 7.34 (t, 1H, Naph-H), 7.99 (d, 1H, Naph-H); 
13
C NMR (CDCl3): 141.11, 135.59, 130.82, 129.87, 127.74, 127.48, 126.41, 125.73, 
124.22, 123.41, 28.58, 23.43, 23.13. 
4.7.3.5 [1-methyl(IPr)BIAN]Cl (A-III) 
Chloromethyl methyl ether (3.0 mL) was added to a pressure vessel containing A-
II (2.335 g, 4.54 mmol), and was heated to 100 °C overnight. The reaction mixture was 
then cooled to room temperature and dispersed in diethyl ether. The solvents were 
removed in vacuo and the resulting precipitate was dissolved in toluene. An aqueous 
extraction was then performed on the solution, in which the analytically pure yellow 
product was obtained from the aqueous layer upon solvent removal (1.263 g, 49%). MS 
(CI
+
, CH4): m/z 527.3 [M - Cl]
+




H NMR (CDCl3): δ 1.15 (d, 12H, 
CH3), 1.34 (d, 12H, CH3), 2.67 (sept, 4H, -CH(CH3)2), 2.79 (s, 3H, Naph-CH3), 7.09 (d, 
1H, Naph-H), 7.20 (d, 1H, Naph-H), 7.33 (d, 1H, Naph-H), 7.47 (d, 4H, Ar-H), 7.56 (t, 
1H, Naph-H), 7.68 (t, 2H, Ar-H), 8.14 (d, 1H, Naph-H), 11.39 (s, 1H, imid-H); 
13
C NMR 




4.7.3.6 [1-ethyl(IPr)BIAN]Cl (B-III) 
Chloromethyl methyl ether (3.0 mL) was added to a pressure vessel containing B-
II (0.402 g, 0.763 mmol), and was heated to 100 °C overnight. The reaction mixture was 
then cooled to room temperature and dispersed in diethyl ether. The solvents were 
removed in vacuo and the resulting precipitate was dissolved in toluene. An aqueous 
extraction was then performed on the solution, in which the analytically pure yellow 
product was obtained from the aqueous layer upon solvent removal (0.15 g, 34%). MS 
(CI
+
, CH4): m/z 541.4 [M - Cl]
+




H NMR (CDCl3): δ 1.14 (d, 12H, 
CH3), 1.37 (d, 12H, CH3), 2.33 (s, 3H, Naph-CH2CH3), 2.70 (sept, 4H, -CH(CH3)2), 2.78 
(s, 2H, Naph-CH2CH3), 7.06 (d, 1H, Naph-H), 7.21 (d, 1H, Naph-H), 7.29 (d, 1H, Naph-
H), 7.44 (d, 4H, Ar-H), 7.54 (t, 1H, Naph-H), 7.64 (t, 2H, Ar-H), 8.09 (d, 1H, Naph-H), 
11.99 (s, 1H, imid-H); 
13
C NMR (CDCl3): 144.91, 143.21, 140.29, 137.48, 136.84, 
132.09, 13.21, 129.29, 128.97, 128.29, 128.16, 127.88, 127.26, 124.88, 123.03, 122.37, 
121.21, 29.36, 24.68, 23.48. 
4.7.3.7 [1-bromomethyl(IPr)BIAN]Cl (A-IV) 
N-bromosuccinimide (0.288 g, 1.62 mmol) was added to a 100 mL Schlenk flask 
containing A-III (0.8247 g, 1.47 mmol) dissolved in dry dichloromethane (40 mL). 
Subsequently, a catalytic amount of benzoyl peroxide was introduced to the reaction 
mixture as a radical initiator, and the solution was allowed to vigorously stir at ambient 
temperature overnight. Aqueous sodium thiosulfate was utilized to terminate the reaction, 
followed by an aqueous extraction with toluene. The organic layer was separated and 
dried in vacuo. Recrystallization from ether afforded the analytically pure red/brown 
solid (0.6695 g, 71%). MS (CI
+
, CH4): m/z 
1
H NMR (CDCl3): δ 1.09 (d, 12H, CH3), 1.29 
(d, 12H, CH3), 2.65 (sept, 4H, -CH(CH3)2), 3.43 (d/d, 2H, Naph-CH2Br), 7.06 (d, 1H, 
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Naph-H), 7.16 (d, 1H, Naph-H), 7.31 (d, 1H, Naph-H), 7.41 (d, 4H, Ar-H), 7.54 (t, 1H, 
Naph-H), 7.66 (t, 2H, Ar-H), 8.09 (d, 1H, Naph-H), 10.46 (s, 1H, imid-H); 
13
C NMR 
(CDCl3): 144.77, 142.19, 140.33, 137.60, 136.97, 132.42, 130.21, 129.00, 128.30, 
127.89, 125.06, 123.14, 22.48, 121.20, 29.36, 24.43, 23.66. 
4.7.3.8 [1-bromoethyl(IPr)BIAN]Cl  (B-IV) 
N-bromosuccinimide (0.066 g, 0.369 mmol) was added to a 100 mL Schlenk flask 
containing B-III (0.193 g, 0.335 mmol) dissolved in dry dichloromethane (15 mL). 
Subsequently, a catalytic amount of benzoyl peroxide was introduced to the reaction 
mixture as a radical initiator, and the solution was allowed to vigorously stir at ambient 
temperature overnight. Aqueous sodium thiosulfate was utilized to terminate the reaction, 
followed by an aqueous extraction with toluene. The organic layer was separated and 
dried in vacuo. Recrystallization from ether afforded the analytically pure red/brown 
solid (0.102 g, 47%). MS (CI
+




H NMR (CDCl3): δ 1.22 (d, 
12H, CH3), 1.34 (d, 12H, CH3), 2.66 (sept, 4H, -CH(CH3)2), 2.12 (t, 2H, Naph-
CH2CH2Br), 3.47-3.56 (d/d, 2H, Naph-CH2CH2Br), 7.16 (d, 1H, Naph-H), 7.44 (d, 4H, 
Ar-H), 7.59 (t, 1H, Naph-H), 7.66 (t, 2H, Ar-H), 8.06 (d, 1H, Naph-H), 8.29 (d, 1H, 
Naph-H), 10.65 (s, 1H, imid-H); 
13
C NMR (CDCl3): 144.41, 137.28, 131.85, 129.58, 
128.61, 127.70, 124.55, 122.06, 28.90, 23.95, 23.21. 
4.7.3.9 Functionalized Silica (C) 
Silica dioxide (3.1 g, 100-240 mesh) was placed into a 100 mL round bottom 
flask, upon which H2SO4:HNO3 (24:4.5 mL) was added to the reaction vessel. The 
reaction mixture was refluxed overnight. Successively, it was cooled to ambient 
temperature, filtered over a fine frit, and washed with H2O (500 mL), acetone (50 mL), 
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methanol (50 mL), and dichloromethane (50 mL). The resulting white solid was dried 
under an absence of pressure at 150 °C for 48 hours. A slurry of 
aminopropyltriethoxysilane (1.66 mL) and dry toluene (10 mL) was injected into the 
reaction mixture and heated to 110 °C for 20 h. The resulting white solid was filtered and 
washed with H2O (500 mL), acetone (50 mL), and toluene (50 mL). The resulting white 
solid was dried under an absence of pressure at 60 °C for 48 hours. 
4.7.3.10 [1-methyl(IPr)BIAN]Cl@SiO2  (A-V) 
A-IV (0.448 g, 0.699 mmol) and C (0.525 g, 1.334 mmol g
‒1
) were dissolved in 
dry toluene (30 mL) in a 100 mL round bottom equipped with a condenser. The solution 
was heated to 110 °C for 20 hours. Subsequently, the reaction mixture was cooled to 
ambient temperature and filtered over a fine frit. The resulting yellow solid was washed 
with H2O (100 mL), dichloromethane (100 mL), and toluene (100 mL). A-V was 
characterized by means of FT‒IR, UV-vis, and TGA.  
4.7.3.11 [1-ethyl(IPr)BIAN]Cl@SiO2  (B-V) 
B-IV (0.114 g, 0.174 mmol) and C (0.148 g, 1.1778 mmol g
-1
) were dissolved in 
dry toluene (20 mL) in a 50 mL round bottom equipped with a condenser. The solution 
was heated to 110 °C for 20 hours. Subsequently, the reaction mixture was cooled to 
ambient temperature and filtered over a fine frit. The resulting yellow solid was washed 
with H2O (100 mL), dichloromethane (100 mL), and toluene (100 mL). B-V was 
characterized by means of FT‒IR, UV-vis, and TGA.  
4.7.3.12 [1-methyl(IPr)BIAN]AgCl@SiO2  (A-VI) 
A 100 mL Schlenk flask was covered with aluminum foil prior to the addition of 
A-V (0.414 g) and excess Ag2O (1.0 g). The solids were dispersed in 1:1 
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dichloromethane:tetrahydrofuran (30 mL) and vigorously stirred at ambient temperature 
for 24 hours. The resulting was filtered in the dark over a fine frit, and thoroughly washed 
with H2O (400 mL), dichloromethane (100 mL), and toluene (100 mL). The afforded 
black product (A-VI) was used without further purification. 
4.7.3.13 [1-ethyl(IPr)BIAN]AgCl@SiO2  (B-VI) 
A 100 mL Schlenk flask was covered with aluminum foil prior to the addition of 
A-V (0.102 g) and excess Ag2O (1.0 g). The solids were dispersed in 1:1 
dichloromethane:tetrahydrofuran (20 mL) and vigorously stirred at ambient temperature 
for 24 hours. The resulting was filtered in the dark over a fine frit, and thoroughly washed 
with H2O (400 mL), dichloromethane (100 mL), and toluene (100 mL). The afforded 
black product (B-VI) was used without further purification. 
4.7.3.14 [1-methyl(IPr)BIAN]PdCl2PPh3@SiO2  (A-VII) 
To a 100 mL round bottom flask covered in aluminum foil was added A-VI 
(0.3141 g, 1.334 mmol g
–1
) and PdCl2(PPh3)2 (0.323 g, 0.461 mmol) in dry toluene (15 
mL). The reaction mixture was heated to 110 °C for 24 hours, cooled to ambient 
temperature, and then filtered over a fine frit. The resulting black precipitate was 
thoroughly washed with H2O (300 mL), dichloromethane (300 mL), and toluene (300 
mL). Finally, the catalyst was dried under vacuum at 80 °C for two days. A-VII was 
characterized by means of FT‒IR, UV‒vis, TGA, and ICP-MS. 
4.7.3.15 [1-ethyl(IPr)BIAN]PdCl2PPh3@SiO2  (B-VII) 
To a 100 mL round bottom flask covered in aluminum foil was added B-VI 
(0.092 g, 1.1778 mmol g
‒1
) and PdCl2(PPh3)2 (0.083 g, 0.119 mmol) in dry toluene (10 
mL). The reaction mixture was heated to 110 °C for 24 hours, cooled to ambient 
191 
 
temperature, and then filtered over a fine frit. The resulting black precipitate was 
thoroughly washed with H2O (300 mL), dichloromethane (300 mL), and toluene (300 
mL). Finally, the catalyst was dried under vacuum at 80 °C for two days. B-VII was 
characterized by means of FT‒IR, UV‒vis, TGA, and ICP-MS. 
4.7.4 General Procedure for Suzuki Cross-Coupling Reactions 
Deionized water or dry toluene (3 mL) was added to a 20 mL scintillation vial 
containing the aryl halide (0.267 mmol), phenylboronic acid (0.321 mmol), potassium 
carbonate (0.802 mmol), 5 or 6 (10.0 mol% Pd), and the internal standard mesitylene 
(0.267 mmol). The scintillation vial was covered with a septum and wired down. The 
stirred reaction mixture was then heated to 100 °C. The resulting reaction mixture was 
allowed to stir for twenty hours for all the aryl iodides and bromides. On the other hand, 
the aryl chlorides required 48 hours to reach complete conversion. The resulting reaction 
mixture was cooled to ambient temperature, filtered over celite and washed with diethyl 
ether. The solvents were evaporated from the organic layer, thereby producing the desired 
product. The reactions were monitored by GC and the percent conversions were 
calculated based on the aryl halide. The NMR spectra of the products matched those of 





Appendix A: XRay Tables 
Identification code  shelxl 
Empirical formula  C36.67 H36.67 Cl1.33 N1.33 P0.67 Pd0.67 
Formula weight  634.85 
Temperature  293(2) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  P2 
Unit cell dimensions a = 12.669(4) Å  
 b = 12.248(4) Å  
 c = 31.450(10) Å  
Volume 4880(3) Å3 
Z 6 
Density (calculated) 1.296 Mg/m3 
Absorption coefficient 0.560 mm-1 
F(000) 1976 
Crystal size ? x ? x ? mm3 
Theta range for data collection 1.29 to 25.00°. 
Index ranges -15<=h<=15, -14<=k<=14, -37<=l<=37 
Reflections collected 73170 
Independent reflections 17137 [R(int) = 0.0999] 
Completeness to theta = 25.00° 99.9 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17137 / 733 / 1116 
Goodness-of-fit on F2 1.149 
Final R indices [I>2sigma(I)] R1 = 0.0773, wR2 = 0.1621 
R indices (all data) R1 = 0.0830, wR2 = 0.1674 
Absolute structure parameter 0.28(4) 
Largest diff. peak and hole 0.620 and -0.796 e.Å-3  
 
Table A1:  Crystal data and structure refinement for 2. 
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 x y z U(eq) 
C(1) 2549(6) 7419(7) 965(2) 20(2) 
C(2) 2373(6) 7611(8) 256(3) 29(2) 
C(3) 3096(6) 6812(8) 322(2) 27(2) 
C(4) 2242(6) 7835(7) -200(2) 26(2) 
C(5) 1656(8) 8513(9) -461(3) 40(2) 
C(6) 1802(9) 8421(10) -906(3) 52(3) 
C(7) 2473(8) 7660(11) -1085(3) 54(3) 
C(8) 3076(7) 6939(10) -826(3) 37(2) 
C(9) 2939(6) 7044(8) -392(3) 30(2) 
C(10) 3804(8) 6088(10) -960(3) 48(3) 
C(11) 4291(9) 5439(10) -661(4) 60(3) 
C(12) 4132(8) 5574(10) -214(3) 55(3) 
C(13) 3486(7) 6414(8) -77(3) 35(2) 
C(14) 1176(7) 8778(8) 705(3) 29(2) 
C(15) 127(8) 8407(8) 689(3) 37(2) 
C(16) -669(9) 9215(12) 723(4) 61(3) 
C(17) -437(10) 10294(11) 770(4) 64(3) 
C(18) 593(9) 10628(11) 798(3) 59(3) 
C(19) 1416(8) 9864(9) 766(3) 42(2) 
C(20) -123(8) 7200(9) 650(3) 46(3) 
C(21) -1083(9) 6815(13) 911(4) 86(5) 
C(22) -311(8) 6850(10) 181(3) 57(3) 
C(23) 2574(8) 10281(8) 749(3) 40(2) 
C(24) 2875(9) 10655(9) 312(3) 49(3) 
C(25) 2771(10) 11171(10) 1090(4) 61(3) 
C(26) 3824(8) 5873(10) 981(3) 50(3) 
C(27) 4885(10) 6129(11) 1050(4) 59(3) 
C(28) 5479(11) 5180(13) 1246(4) 80(4) 
C(29) 4910(13) 4239(12) 1351(5) 86(4) 
C(30) 3879(13) 4071(12) 1282(5) 92(5) 
C(31) 3293(11) 4897(9) 1083(4) 57(3) 
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C(32) 5395(8) 7199(10) 950(3) 52(3) 
C(33) 6175(8) 7592(12) 1295(3) 70(4) 
C(34) 5985(9) 7162(12) 508(3) 78(4) 
C(35) 2176(10) 4688(9) 984(4) 61(3) 
C(36) 1617(14) 3995(12) 1334(5) 99(5) 
C(37) 2044(12) 4124(11) 548(4) 83(4) 
C(38) 2038(7) 9101(8) 2529(3) 30(2) 
C(39) 1948(8) 9346(9) 2958(3) 43(2) 
C(40) 1475(9) 10315(10) 3088(4) 52(3) 
C(41) 1085(8) 11029(9) 2796(3) 44(2) 
C(42) 1157(8) 10805(9) 2362(3) 44(2) 
C(43) 1622(7) 9821(7) 2233(3) 31(2) 
C(44) 1811(7) 6815(8) 2654(3) 33(2) 
C(45) 757(7) 6984(9) 2708(3) 42(2) 
C(46) 119(9) 6172(10) 2916(3) 51(3) 
C(47) 577(9) 5199(9) 3054(3) 54(3) 
C(48) 1662(9) 5043(9) 3005(3) 48(3) 
C(49) 2284(8) 5826(8) 2802(3) 42(2) 
C(50) 3925(6) 7637(8) 2510(2) 30(2) 
C(51) 4437(8) 6704(8) 2350(3) 40(2) 
C(52) 5493(8) 6523(9) 2464(4) 53(3) 
C(53) 6016(9) 7220(10) 2736(4) 59(3) 
C(54) 5535(8) 8133(10) 2881(3) 51(3) 
C(55) 4474(7) 8352(8) 2769(3) 38(2) 
C(56) 7267(6) 2129(7) 4038(3) 24(2) 
C(57) 6685(6) 2644(8) 4693(3) 27(2) 
C(58) 7530(6) 1961(9) 4749(2) 26(2) 
C(59) 6311(7) 3058(8) 5110(3) 32(2) 
C(60) 5576(7) 3775(7) 5251(3) 32(2) 
C(61) 5484(8) 3923(8) 5700(3) 42(2) 
C(62) 6105(7) 3374(9) 5980(3) 41(2) 
C(63) 6907(7) 2677(10) 5846(3) 39(2) 
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C(64) 6986(6) 2536(9) 5401(3) 32(2) 
C(65) 7684(8) 2092(9) 6091(3) 42(2) 
C(66) 8415(8) 1419(8) 5906(3) 40(2) 
C(67) 8479(8) 1298(9) 5449(3) 41(2) 
C(68) 7766(7) 1859(10) 5205(3) 38(2) 
C(69) 5812(6) 3510(7) 4058(2) 21(2) 
C(70) 4736(6) 3166(7) 4010(3) 28(2) 
C(71) 4049(7) 3945(7) 3850(3) 36(2) 
C(72) 4379(7) 4989(8) 3734(3) 42(2) 
C(73) 5456(8) 5265(8) 3777(3) 44(2) 
C(74) 6186(6) 4536(7) 3942(3) 26(2) 
C(75) 4349(6) 2001(8) 4131(2) 28(2) 
C(76) 3571(7) 1555(7) 3795(3) 35(2) 
C(77) 3832(7) 2000(9) 4572(3) 41(2) 
C(78) 7338(7) 4881(8) 4005(3) 32(2) 
C(79) 7770(8) 5516(8) 3627(3) 42(2) 
C(80) 7442(8) 5517(8) 4429(3) 42(2) 
C(81) 8861(7) 1023(7) 4270(3) 29(2) 
C(82) 8743(7) -120(8) 4215(3) 31(2) 
C(83) 9653(7) -733(8) 4185(3) 38(2) 
C(84) 10631(8) -254(7) 4230(3) 42(2) 
C(85) 10719(8) 874(7) 4285(3) 39(2) 
C(86) 9835(6) 1566(6) 4299(3) 24(2) 
C(87) 7662(7) -640(8) 4198(3) 31(2) 
C(88) 7587(9) -1570(9) 3882(4) 58(3) 
C(89) 7365(8) -1097(11) 4640(4) 59(3) 
C(90) 9928(6) 2798(7) 4351(3) 27(2) 
C(91) 10840(7) 3229(9) 4079(3) 44(2) 
C(92) 10067(8) 3143(9) 4818(3) 54(3) 
C(93) 5790(6) 1986(8) 2515(3) 29(2) 
C(94) 5232(6) 2847(8) 2702(3) 36(2) 
C(95) 4185(8) 3039(9) 2614(3) 48(3) 
196 
 
C(96) 3659(7) 2311(8) 2336(3) 44(3) 
C(97) 4179(8) 1410(9) 2157(3) 49(3) 
C(98) 5265(7) 1256(8) 2246(3) 37(2) 
C(99) 7684(7) 580(8) 2444(3) 37(2) 
C(100) 8022(9) -221(10) 2726(4) 60(3) 
C(101) 8515(9) -1160(10) 2582(4) 61(3) 
C(102) 8625(9) -1352(10) 2142(4) 55(3) 
C(103) 8315(9) -582(11) 1880(4) 54(3) 
C(104) 7845(9) 400(11) 2018(4) 59(3) 
C(105) 7839(6) 2922(7) 2368(3) 28(2) 
C(106) 7327(8) 3875(8) 2217(3) 45(2) 
C(107) 7908(10) 4725(10) 2033(4) 61(3) 
C(108) 8979(10) 4619(11) 1984(4) 61(3) 
C(109) 9517(9) 3693(10) 2125(4) 57(3) 
C(110) 8940(7) 2881(9) 2308(3) 43(2) 
Cl(1) 939(2) 6626(2) 1654(1) 46(1) 
Cl(2) 3868(2) 8847(2) 1582(1) 33(1) 
Cl(3) 8818(2) 3010(2) 3349(1) 36(1) 
Cl(4) 5965(2) 685(2) 3438(1) 32(1) 
N(1) 2000(5) 7991(6) 651(2) 24(2) 
N(2) 3205(6) 6717(6) 766(2) 36(2) 
N(3) 6548(5) 2748(6) 4252(2) 20(1) 
N(4) 7898(5) 1674(6) 4349(2) 26(2) 
P(1) 2559(2) 7808(2) 2342(1) 31(1) 
P(2) 7175(2) 1855(2) 2663(1) 27(1) 
Pd(1) 2460(1) 7637(1) 1607(1) 27(1) 
Pd(2) 7318(1) 1955(1) 3396(1) 24(1) 
 
Table A2:  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 2.  U(eq) is defined as one third of the trace of the 




C(1)-N(2)  1.350(11) 
C(1)-N(1)  1.396(9) 
C(1)-Pd(1)  2.041(7) 
C(2)-C(3)  1.356(12) 
C(2)-N(1)  1.410(11) 
C(2)-C(4)  1.467(11) 
C(3)-N(2)  1.407(10) 
C(3)-C(13)  1.435(12) 
C(4)-C(5)  1.385(12) 
C(4)-C(9)  1.444(12) 
C(5)-C(6)  1.418(14) 
C(5)-H(5)  0.9300 
C(6)-C(7)  1.381(16) 
C(6)-H(6)  0.9300 
C(7)-C(8)  1.422(15) 
C(7)-H(7)  0.9300 
C(8)-C(9)  1.384(12) 
C(8)-C(10)  1.453(16) 
C(9)-C(13)  1.432(12) 
C(10)-C(11)  1.376(16) 
C(10)-H(10)  0.9300 
C(11)-C(12)  1.430(15) 
C(11)-H(11)  0.9300 
C(12)-C(13)  1.384(14) 
C(12)-H(12)  0.9300 
C(14)-C(19)  1.378(14) 
C(14)-C(15)  1.406(13) 
C(14)-N(1)  1.432(11) 
C(15)-C(16)  1.417(14) 
C(15)-C(20)  1.517(14) 
C(16)-C(17)  1.362(18) 
C(16)-H(16)  0.9300 
C(17)-C(18)  1.370(17) 
C(17)-H(17)  0.9300 
C(18)-C(19)  1.404(14) 
C(18)-H(18)  0.9300 
C(19)-C(23)  1.554(14) 
C(20)-C(21)  1.542(14) 
C(20)-C(22)  1.554(13) 
C(20)-H(20)  0.9800 
C(21)-H(21A)  0.9600 
C(21)-H(21B)  0.9600 
C(21)-H(21C)  0.9600 
C(22)-H(22A)  0.9600 
C(22)-H(22B)  0.9600 
C(22)-H(22C)  0.9600 
C(23)-C(24)  1.498(14) 
C(23)-C(25)  1.549(14) 
C(23)-H(23)  0.9800 
C(24)-H(24A)  0.9600 
C(24)-H(24B)  0.9600 
C(24)-H(24C)  0.9600 
C(25)-H(25A)  0.9600 
C(25)-H(25B)  0.9600 
C(25)-H(25C)  0.9600 
C(26)-C(27)  1.398(16) 
C(26)-C(31)  1.409(17) 
C(26)-N(2)  1.462(12) 
C(27)-C(32)  1.496(17) 
C(27)-C(28)  1.515(17) 
C(28)-C(29)  1.40(2) 
C(28)-H(28)  0.9300 
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C(29)-C(30)  1.340(19) 
C(29)-H(29)  0.9300 
C(30)-C(31)  1.403(17) 
C(30)-H(30)  0.9300 
C(31)-C(35)  1.471(17) 
C(32)-C(33)  1.545(13) 
C(32)-C(34)  1.578(15) 
C(32)-H(32)  0.9800 
C(33)-H(33A)  0.9600 
C(33)-H(33B)  0.9600 
C(33)-H(33C)  0.9600 
C(34)-H(34A)  0.9600 
C(34)-H(34B)  0.9600 
C(34)-H(34C)  0.9600 
C(35)-C(37)  1.543(16) 
C(35)-C(36)  1.561(17) 
C(35)-H(35)  0.9800 
C(36)-H(36A)  0.9600 
C(36)-H(36B)  0.9600 
C(36)-H(36C)  0.9600 
C(37)-H(37A)  0.9600 
C(37)-H(37B)  0.9600 
C(37)-H(37C)  0.9600 
C(38)-C(39)  1.387(13) 
C(38)-C(43)  1.388(12) 
C(38)-P(1)  1.813(9) 
C(39)-C(40)  1.391(15) 
C(39)-H(39)  0.9300 
C(40)-C(41)  1.361(15) 
C(40)-H(40)  0.9300 
C(41)-C(42)  1.395(14) 
C(41)-H(41)  0.9300 
C(42)-C(43)  1.401(13) 
C(42)-H(42)  0.9300 
C(43)-H(43)  0.9300 
C(44)-C(45)  1.362(12) 
C(44)-C(49)  1.429(13) 
C(44)-P(1)  1.826(9) 
C(45)-C(46)  1.439(14) 
C(45)-H(45)  0.9300 
C(46)-C(47)  1.395(15) 
C(46)-H(46)  0.9300 
C(47)-C(48)  1.396(16) 
C(47)-H(47)  0.9300 
C(48)-C(49)  1.396(15) 
C(48)-H(48)  0.9300 
C(49)-H(49)  0.9300 
C(50)-C(55)  1.383(12) 
C(50)-C(51)  1.407(13) 
C(50)-P(1)  1.821(8) 
C(51)-C(52)  1.403(14) 
C(51)-H(51)  0.9300 
C(52)-C(53)  1.377(15) 
C(52)-H(52)  0.9300 
C(53)-C(54)  1.354(16) 
C(53)-H(53)  0.9300 
C(54)-C(55)  1.415(13) 
C(54)-H(54)  0.9300 
C(55)-H(55)  0.9300 
C(56)-N(3)  1.363(10) 
C(56)-N(4)  1.381(10) 
C(56)-Pd(2)  2.033(9) 
C(57)-C(58)  1.370(12) 
C(57)-N(3)  1.402(10) 
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C(57)-C(59)  1.484(12) 
C(58)-N(4)  1.387(10) 
C(58)-C(68)  1.469(11) 
C(59)-C(60)  1.356(12) 
C(59)-C(64)  1.407(12) 
C(60)-C(61)  1.430(13) 
C(60)-H(60)  0.9300 
C(61)-C(62)  1.358(14) 
C(61)-H(61)  0.9300 
C(62)-C(63)  1.392(15) 
C(62)-H(62)  0.9300 
C(63)-C(64)  1.412(12) 
C(63)-C(65)  1.440(13) 
C(64)-C(68)  1.431(14) 
C(65)-C(66)  1.369(14) 
C(65)-H(65)  0.9300 
C(66)-C(67)  1.445(13) 
C(66)-H(66)  0.9300 
C(67)-C(68)  1.371(13) 
C(67)-H(67)  0.9300 
C(69)-C(74)  1.391(11) 
C(69)-C(70)  1.435(11) 
C(69)-N(3)  1.455(9) 
C(70)-C(71)  1.386(11) 
C(70)-C(75)  1.556(12) 
C(71)-C(72)  1.395(13) 
C(71)-H(71)  0.9300 
C(72)-C(73)  1.412(14) 
C(72)-H(72)  0.9300 
C(73)-C(74)  1.385(12) 
C(73)-H(73)  0.9300 
C(74)-C(78)  1.533(12) 
C(75)-C(77)  1.533(11) 
C(75)-C(76)  1.545(10) 
C(75)-H(75)  0.9800 
C(76)-H(76A)  0.9600 
C(76)-H(76B)  0.9600 
C(76)-H(76C)  0.9600 
C(77)-H(77A)  0.9600 
C(77)-H(77B)  0.9600 
C(77)-H(77C)  0.9600 
C(78)-C(79)  1.522(13) 
C(78)-C(80)  1.551(12) 
C(78)-H(78)  0.9800 
C(79)-H(79A)  0.9600 
C(79)-H(79B)  0.9600 
C(79)-H(79C)  0.9600 
C(80)-H(80A)  0.9600 
C(80)-H(80B)  0.9600 
C(80)-H(80C)  0.9600 
C(81)-C(86)  1.404(12) 
C(81)-C(82)  1.418(13) 
C(81)-N(4)  1.479(11) 
C(82)-C(83)  1.378(13) 
C(82)-C(87)  1.511(13) 
C(83)-C(84)  1.379(14) 
C(83)-H(83)  0.9300 
C(84)-C(85)  1.397(13) 
C(84)-H(84)  0.9300 
C(85)-C(86)  1.406(12) 
C(85)-H(85)  0.9300 
C(86)-C(90)  1.522(11) 
C(87)-C(88)  1.515(14) 
C(87)-C(89)  1.546(14) 
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C(87)-H(87)  0.9800 
C(88)-H(88A)  0.9600 
C(88)-H(88B)  0.9600 
C(88)-H(88C)  0.9600 
C(89)-H(89A)  0.9600 
C(89)-H(89B)  0.9600 
C(89)-H(89C)  0.9600 
C(90)-C(91)  1.532(12) 
C(90)-C(92)  1.539(12) 
C(90)-H(90)  0.9800 
C(91)-H(91A)  0.9600 
C(91)-H(91B)  0.9600 
C(91)-H(91C)  0.9600 
C(92)-H(92A)  0.9600 
C(92)-H(92B)  0.9600 
C(92)-H(92C)  0.9600 
C(93)-C(98)  1.400(13) 
C(93)-C(94)  1.399(13) 
C(93)-P(2)  1.822(7) 
C(94)-C(95)  1.375(12) 
C(94)-H(94)  0.9300 
C(95)-C(96)  1.418(14) 
C(95)-H(95)  0.9300 
C(96)-C(97)  1.403(14) 
C(96)-H(96)  0.9300 
C(97)-C(98)  1.416(13) 
C(97)-H(97)  0.9300 
C(98)-H(98)  0.9300 
C(99)-C(104)  1.371(15) 
C(99)-C(100)  1.390(15) 
C(99)-P(2)  1.825(10) 
C(100)-C(101)  1.384(15) 
C(100)-H(100)  0.9300 
C(101)-C(102)  1.412(16) 
C(101)-H(101)  0.9300 
C(102)-C(103)  1.313(16) 
C(102)-H(102)  0.9300 
C(103)-C(104)  1.411(16) 
C(103)-H(103)  0.9300 
C(104)-H(104)  0.9300 
C(105)-C(110)  1.408(12) 
C(105)-C(106)  1.418(13) 
C(105)-P(2)  1.810(9) 
C(106)-C(107)  1.401(15) 
C(106)-H(106)  0.9300 
C(107)-C(108)  1.371(17) 
C(107)-H(107)  0.9300 
C(108)-C(109)  1.395(17) 
C(108)-H(108)  0.9300 
C(109)-C(110)  1.362(14) 
C(109)-H(109)  0.9300 
C(110)-H(110)  0.9300 
Cl(1)-Pd(1)  2.295(2) 
Cl(2)-Pd(1)  2.321(2) 
Cl(3)-Pd(2)  2.302(2) 
Cl(4)-Pd(2)  2.318(2) 
P(1)-Pd(1)  2.324(2) 












































































































































































































































































































































































































































































 U11 U22 U33 U23 U13 U12 
C(1) 24(4)  25(4) 12(3)  -5(3) -9(3)  3(3) 
C(2) 34(4)  18(4) 36(4)  1(4) -8(3)  2(4) 
C(3) 44(4)  34(5) 3(3)  -2(3) -7(3)  4(4) 
C(4) 37(4)  26(4) 16(4)  -2(3) -4(3)  1(3) 
C(5) 50(5)  36(5) 33(5)  11(4) -6(4)  10(4) 
C(6) 62(6)  60(6) 33(5)  2(5) -7(4)  8(5) 
C(7) 68(6)  60(6) 32(5)  2(5) -3(4)  -7(6) 
C(8) 41(4)  42(5) 27(4)  -4(5) -6(3)  -5(5) 
C(9) 43(4)  28(4) 18(4)  -7(4) 3(3)  -7(4) 
C(10) 59(6)  61(6) 23(4)  -15(4) -1(4)  -13(5) 
C(11) 68(6)  67(7) 45(5)  -27(5) -5(5)  18(5) 
C(12) 60(6)  57(6) 46(5)  -14(5) -12(5)  17(5) 
C(13) 41(5)  40(5) 23(4)  -2(4) -8(3)  -3(4) 
C(14) 28(4)  38(5) 21(4)  4(4) -4(3)  7(3) 
C(15) 43(5)  43(5) 24(4)  2(4) -5(4)  10(4) 
C(16) 39(5)  94(8) 51(6)  4(6) 2(4)  16(5) 
C(17) 62(6)  70(7) 62(6)  -4(6) 5(5)  31(5) 
C(18) 77(7)  61(6) 39(5)  6(5) 8(5)  30(5) 
C(19) 51(5)  45(5) 31(5)  -5(4) -2(4)  11(4) 
C(20) 40(5)  59(6) 39(5)  0(4) 3(4)  -11(4) 
C(21) 59(7)  133(12) 65(8)  -2(8) -2(6)  -51(8) 
C(22) 69(6)  68(7) 35(5)  -10(5) 6(5)  -31(6) 
C(23) 53(5)  30(5) 38(5)  7(4) -11(4)  -2(4) 
C(24) 68(7)  45(6) 35(5)  2(5) -9(5)  1(5) 
C(25) 93(8)  49(7) 43(6)  -10(5) -14(6)  2(6) 
C(26) 51(5)  64(6) 36(5)  -10(5) -12(4)  28(5) 
C(27) 75(7)  58(6) 45(6)  -17(5) -5(5)  24(5) 
C(28) 72(7)  93(8) 76(7)  -8(6) -28(6)  30(6) 
C(29) 104(8)  53(7) 99(8)  -4(6) -17(7)  10(6) 
C(30) 107(8)  65(7) 104(8)  -5(6) -21(7)  11(7) 
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C(31) 96(7)  38(5) 38(5)  -4(4) -2(5)  17(5) 
C(32) 42(5)  72(7) 42(5)  -16(5) -17(4)  26(4) 
C(33) 51(6)  107(10) 53(6)  -16(7) -9(5)  28(7) 
C(34) 58(6)  123(11) 55(7)  -40(7) -20(5)  22(7) 
C(35) 86(7)  34(5) 61(6)  0(5) -8(6)  5(5) 
C(36) 168(13)  51(8) 79(9)  15(7) 19(9)  5(9) 
C(37) 129(11)  51(7) 68(8)  8(6) -2(8)  -30(8) 
C(38) 33(4)  35(5) 21(4)  5(4) -1(3)  -2(3) 
C(39) 53(5)  51(6) 26(5)  2(4) -3(4)  5(4) 
C(40) 64(6)  52(6) 40(5)  -14(5) -5(5)  14(5) 
C(41) 46(5)  44(5) 41(5)  -1(4) 1(4)  14(4) 
C(42) 48(5)  45(5) 40(5)  -7(4) -5(4)  11(4) 
C(43) 45(5)  25(4) 24(4)  1(3) 0(3)  -7(3) 
C(44) 47(5)  35(5) 17(4)  0(4) -3(3)  -9(4) 
C(45) 49(5)  43(5) 34(4)  16(4) -4(4)  0(5) 
C(46) 52(5)  57(6) 44(5)  8(5) 0(4)  -11(5) 
C(47) 74(6)  47(6) 40(5)  12(4) -13(5)  -22(5) 
C(48) 72(6)  36(5) 36(5)  6(4) 4(5)  0(5) 
C(49) 50(5)  41(5) 36(5)  1(4) 1(4)  2(4) 
C(50) 50(4)  28(4) 13(3)  10(4) -8(3)  -16(4) 
C(51) 62(5)  29(5) 28(4)  -4(4) -7(4)  -3(4) 
C(52) 54(5)  42(5) 65(6)  -9(5) -20(5)  16(4) 
C(53) 57(6)  64(7) 55(6)  -1(5) -22(5)  1(5) 
C(54) 48(5)  59(6) 47(6)  -6(5) -20(4)  0(5) 
C(55) 48(5)  30(5) 35(5)  -5(4) -7(4)  -2(4) 
C(56) 18(3)  22(4) 33(4)  -1(3) 6(3)  -6(3) 
C(57) 22(3)  25(4) 35(4)  5(4) -4(3)  -6(3) 
C(58) 32(4)  40(5) 8(3)  -3(4) 1(3)  0(4) 
C(59) 35(4)  42(5) 20(4)  0(4) 5(3)  -11(4) 
C(60) 33(4)  31(4) 32(4)  -14(4) 4(3)  -7(3) 
C(61) 48(5)  40(5) 36(5)  -11(4) 0(4)  -6(4) 
C(62) 44(5)  44(5) 34(5)  0(4) 13(4)  -21(4) 
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C(63) 48(5)  40(5) 29(4)  -6(5) 2(4)  -9(5) 
C(64) 32(4)  38(5) 28(4)  2(4) 0(3)  -5(4) 
C(65) 65(5)  37(5) 22(4)  -3(4) -11(4)  -15(4) 
C(66) 63(5)  23(4) 33(5)  5(4) -22(4)  -12(4) 
C(67) 55(5)  39(5) 31(5)  3(4) -13(4)  -10(4) 
C(68) 42(4)  44(5) 28(4)  0(4) -9(3)  2(4) 
C(69) 17(4)  24(4) 21(4)  -1(3) -2(3)  6(3) 
C(70) 32(4)  23(4) 29(4)  -5(3) -3(3)  2(3) 
C(71) 31(4)  33(4) 45(5)  6(4) -2(4)  10(4) 
C(72) 43(5)  31(5) 52(5)  12(4) -11(4)  18(4) 
C(73) 54(5)  31(5) 47(5)  14(4) -10(4)  9(4) 
C(74) 32(4)  17(4) 29(4)  6(3) 0(3)  2(3) 
C(75) 28(4)  37(4) 18(4)  -3(4) 9(3)  -10(4) 
C(76) 43(5)  41(5) 21(4)  -10(4) -11(4)  0(4) 
C(77) 44(5)  47(5) 32(5)  -6(5) 5(4)  -9(5) 
C(78) 36(4)  24(4) 35(5)  -4(4) -7(4)  -3(3) 
C(79) 59(6)  24(5) 42(5)  5(4) 2(5)  -4(4) 
C(80) 50(6)  32(5) 43(5)  -1(4) -11(4)  -7(4) 
C(81) 38(4)  26(4) 22(4)  3(3) -6(3)  1(3) 
C(82) 44(5)  22(4) 26(4)  8(3) -3(4)  3(3) 
C(83) 46(5)  31(5) 37(5)  7(4) 12(4)  8(4) 
C(84) 50(5)  26(5) 51(5)  15(4) 9(4)  21(4) 
C(85) 39(5)  30(5) 47(5)  17(4) 1(4)  -1(4) 
C(86) 33(4)  14(4) 27(4)  11(3) 0(3)  8(3) 
C(87) 40(5)  28(4) 25(4)  5(4) -11(3)  3(4) 
C(88) 75(7)  26(5) 73(8)  -2(5) -16(6)  -13(5) 
C(89) 39(6)  74(8) 65(7)  11(7) -12(5)  -4(5) 
C(90) 29(4)  17(4) 35(4)  -8(3) 3(3)  -3(3) 
C(91) 39(5)  47(6) 45(6)  13(5) -9(4)  -12(4) 
C(92) 51(6)  58(7) 53(6)  -16(5) -9(5)  -1(5) 
C(93) 31(4)  26(4) 30(4)  3(4) -10(3)  14(4) 
C(94) 32(4)  34(5) 42(5)  6(4) -7(4)  -3(4) 
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C(95) 45(5)  50(6) 48(5)  -11(4) 1(4)  17(4) 
C(96) 33(4)  50(6) 50(5)  2(4) -12(4)  4(4) 
C(97) 55(5)  46(5) 45(5)  -2(4) -18(4)  -7(4) 
C(98) 45(5)  31(5) 34(5)  1(4) -6(4)  -6(4) 
C(99) 39(5)  31(5) 41(5)  -1(4) -12(4)  3(4) 
C(100) 64(6)  63(6) 53(6)  -5(5) 25(5)  19(5) 
C(101) 77(6)  43(6) 62(6)  21(5) 20(5)  10(5) 
C(102) 56(6)  36(5) 74(7)  -11(5) 2(5)  2(4) 
C(103) 58(6)  66(6) 37(5)  -15(5) -5(4)  11(5) 
C(104) 70(6)  64(6) 41(6)  -15(5) -12(5)  23(5) 
C(105) 29(4)  32(5) 24(4)  3(3) -2(3)  -9(3) 
C(106) 49(5)  41(5) 44(5)  1(4) -5(4)  -16(4) 
C(107) 82(7)  47(6) 52(6)  2(5) -6(5)  -15(5) 
C(108) 70(6)  66(7) 47(6)  14(5) -6(5)  -29(6) 
C(109) 57(6)  66(6) 49(6)  20(5) -8(5)  -15(5) 
C(110) 40(5)  50(6) 40(5)  8(4) 1(4)  -4(4) 
Cl(1) 59(2)  52(2) 26(1)  -2(1) -1(1)  -24(1) 
Cl(2) 42(1)  36(1) 21(1)  -3(1) -3(1)  -6(1) 
Cl(3) 35(1)  39(1) 35(1)  -3(1) 0(1)  -11(1) 
Cl(4) 39(1)  28(1) 31(1)  2(1) -4(1)  -10(1) 
N(1) 33(3)  23(4) 14(3)  2(3) -1(3)  6(3) 
N(2) 45(4)  36(5) 28(4)  -11(3) -11(3)  13(3) 
N(3) 25(3)  18(3) 18(3)  5(3) -4(2)  0(3) 
N(4) 31(3)  20(4) 27(4)  -2(3) -5(3)  -1(3) 
P(1) 45(1)  27(1) 20(1)  2(1) -2(1)  -3(1) 
P(2) 34(1)  28(1) 20(1)  -4(1) -4(1)  -2(1) 
Pd(1) 40(1)  25(1) 17(1)  -2(1) -5(1)  -2(1) 
Pd(2) 29(1)  23(1) 20(1)  1(1) -5(1)  -2(1) 
 
Table A4:  Anisotropic displacement parameters (Å2x 10
3
) for 2.  The anisotropic 
displacement factor exponent takes the form: - . + 2 h k 










































































































































































































C(104)-C(99)-C(100)-C(101)  0.8(18) 
P(2)-C(99)-C(100)-C(101) -173.4(9) 
C(99)-C(100)-C(101)-C(102) -4.0(19) 
C(100)-C(101)-C(102)-C(103)  4.7(18) 




C(110)-C(105)-C(106)-C(107)  -2.0(14) 
P(2)-C(105)-C(106)-C(107) 172.7(8) 
C(105)-C(106)-C(107)-C(108)  2.4(17) 
C(106)-C(107)-C(108)-C(109)  -1.9(18) 
C(107)-C(108)-C(109)-C(110)  1.0(18) 
C(108)-C(109)-C(110)-C(105)  -0.7(17) 

























































































































Table A5:  Torsion angles [°] for 2. 
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Identification code  shelxl 
Empirical formula  C35.75 H28 Cl N2 O1.25 Pd0.50 
Formula weight  594.25 
Temperature  100(2) K 
Wavelength  0.71069 Å 
Crystal system  orthorhombic 
Space group  CCCa 
Unit cell dimensions a = 15.683(5) Å  
 b = 25.640(5) Å  
 c = 14.820(5) Å  
Volume 5959(3) Å3 
Z 8 
Density (calculated) 1.325 Mg/m3 
Absorption coefficient 0.452 mm-1 
F(000) 2452 
Crystal size 0.33 x 0.20 x 0.18 mm3 
Theta range for data collection 1.59 to 27.50°. 
Index ranges -20<=h<=20, -33<=k<=33, -19<=l<=19 
Reflections collected 67250 
Independent reflections 3434 [R(int) = 0.0555] 
Completeness to theta = 27.50° 99.9 %  
Max. and min. transmission 0.9231 and 0.8652 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3434 / 0 / 173 
Goodness-of-fit on F2 1.098 
Final R indices [I>2sigma(I)] R1 = 0.0602, wR2 = 0.1835 
R indices (all data) R1 = 0.0658, wR2 = 0.1905 
Largest diff. peak and hole 1.265 and -0.867 e.Å-3 
 





 x y z U(eq) 
C(1) 0 1711(2) 2500 31(1) 
C(1S) 2649(6) 490(4) -1433(7) 163(4) 
C(2) 159(2) 876(1) 2075(3) 44(1) 
C(2S) 2772(8) 272(4) -618(8) 188(5) 
C(3) 280(3) 340(2) 1762(3) 55(1) 
C(4) 592(3) 95(2) 1002(3) 68(1) 
C(5) 608(5) -458(2) 1004(4) 91(2) 
C(6) 312(5) -746(2) 1717(5) 98(2) 
C(7) 0 -506(3) 2500 80(3) 
C(8) 0 39(2) 2500 62(2) 
C(9) 570(2) 1552(1) 941(2) 36(1) 
C(10) -9(2) 1733(1) 307(2) 35(1) 
C(11) 298(3) 1864(2) -546(2) 46(1) 
C(12) 1145(3) 1814(2) -768(3) 59(1) 
C(13) 1704(3) 1626(2) -116(3) 67(1) 
C(14) 1438(2) 1489(2) 758(3) 52(1) 
C(15) -947(2) 1777(2) 495(2) 42(1) 
C(16) 1449(4) 1933(3) -1701(4) 92(2) 
C(17) 2054(3) 1287(2) 1443(3) 67(1) 
N(1) 255(2) 1391(1) 1817(2) 36(1) 
Cl(1) 1475(1) 2500 2500 36(1) 
Pd(1) 0 2500 2500 28(1) 
O(1S) 2500 0 -2094(10) 224(5) 
________________________________________________________________________ 
Table A7:  Atomic coordinates ( x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 3.  U(eq) is defined as one third of the trace of the 





C(1)-N(1)  1.363(4) 
C(1)-N(1)#1  1.363(4) 
C(1)-Pd(1)  2.022(5) 
C(1S)-C(2S)  1.345(14) 
C(1S)-O(1S)  1.610(11) 
C(2)-C(2)#1  1.356(8) 
C(2)-N(1)  1.385(4) 
C(2)-C(3)  1.462(5) 
C(2S)-C(2S)#2  1.63(2) 
C(3)-C(4)  1.379(6) 
C(3)-C(8)  1.409(6) 
C(4)-C(5)  1.417(6) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.371(10) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.401(8) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.397(9) 
C(7)-C(6)#1  1.401(8) 
C(8)-C(3)#1  1.409(6) 
C(9)-C(10)  1.386(5) 
C(9)-C(14)  1.396(5) 
C(9)-N(1)  1.449(4) 
C(10)-C(11)  1.394(5) 
C(10)-C(15)  1.502(4) 
C(11)-C(12)  1.374(6) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.391(7) 
C(12)-C(16)  1.494(6) 
C(13)-C(14)  1.405(6) 
C(13)-H(13)  0.9500 
C(14)-C(17)  1.494(6) 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
Cl(1)-Pd(1)  2.3131(14) 
Pd(1)-C(1)#3  2.022(5) 
Pd(1)-Cl(1)#3  2.3131(14) 











































































Table A8:   Bond lengths [Å] and angles [°] for 3. Symmetry transformations used to 






 U11 U22 U33 U23 U13 U12 
C(1) 28(2)  31(2) 34(2)  0 -2(1)  0 
C(2) 52(2)  34(2) 44(2)  -4(2) -13(2)  4(1) 
C(3) 70(3)  37(2) 57(2)  -8(2) -27(2)  10(2) 
C(4) 95(3)  45(2) 64(3)  -18(2) -35(2)  24(2) 
C(5) 136(5)  49(3) 88(4)  -29(3) -54(4)  33(3) 
C(6) 158(6)  34(2) 102(4)  -15(3) -71(5)  19(3) 
C(7) 117(7)  30(3) 92(6)  0 -60(5)  0 
C(8) 84(5)  32(3) 70(4)  0 -39(3)  0 
C(9) 34(2)  39(2) 36(2)  -9(1) 2(1)  -2(1) 
C(10) 37(2)  33(2) 35(2)  -4(1) 3(1)  -5(1) 
C(11) 55(2)  45(2) 38(2)  -4(1) 6(2)  -11(2) 
C(12) 57(2)  70(3) 51(2)  -12(2) 16(2)  -16(2) 
C(13) 38(2)  91(3) 72(3)  -31(2) 23(2)  -11(2) 
C(14) 35(2)  66(2) 55(2)  -22(2) 2(2)  1(2) 
C(15) 37(2)  55(2) 35(2)  -1(2) -4(1)  -1(2) 
C(16) 81(4)  128(5) 66(3)  -8(3) 38(3)  -24(4) 
C(17) 39(2)  86(3) 78(3)  -31(2) -12(2)  17(2) 
N(1) 37(1)  33(1) 38(1)  -3(1) -4(1)  3(1) 
Cl(1) 25(1)  39(1) 45(1)  2(1) 0  0 
Pd(1) 25(1)  29(1) 29(1)  0 0  0 
________________________________________________________________________ 
Table A9:   Anisotropic displacement parameters (Å2x 103)for 3.  The anisotropic 
displacement factor exponent takes the form: - 2[ h2a*2U11 + ... + 2 h k 
































































Table A10:  Torsion angles [°] for 3. 
Symmetry transformations 
used to generate equivalent 
atoms: #1 -x,y,-z+1/2    #2 -




Identification code  shelxl 
Empirical formula  C74 H80 Cl2 N4 Pd 
Formula weight  1202.72 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  monoclinic 
Space group  P21/n 
Unit cell dimensions a = 12.865(11) Å  
 b = 11.911(10) Å  
 c = 20.737(17) Å  
Volume 3168(5) Å3 
Z 2 
Density (calculated) 1.261 Mg/m3 
Absorption coefficient 0.423 mm-1 
F(000) 1264 
Crystal size 0.15 x 0.12 x 0.11 mm3 
Theta range for data collection 1.93 to 25.00°. 
Index ranges -15<=h<=15, -14<=k<=14, -24<=l<=24 
Reflections collected 47078 
Independent reflections 5576 [R(int) = 0.0882] 
Completeness to theta = 25.00° 99.9 %  
Max. and min. transmission 0.9550 and 0.9393 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5576 / 0 / 375 
Goodness-of-fit on F2 1.261 
Final R indices [I>2sigma(I)] R1 = 0.0989, wR2 = 0.2524 
R indices (all data) R1 = 0.1029, wR2 = 0.2562 
Largest diff. peak and hole 2.858 and -1.049 e.Å-3 
 




 x y z U(eq) 
C(1) 5287(5) 448(5) 948(3) 37(1) 
C(2) 5189(4) 452(5) 2041(3) 37(1) 
C(3) 6127(5) 902(5) 1925(3) 39(1) 
C(4) 5035(4) 466(5) 2739(3) 37(1) 
C(5) 4284(5) 164(5) 3147(3) 45(2) 
C(6) 4488(5) 372(6) 3829(3) 48(2) 
C(7) 5398(5) 845(6) 4084(3) 47(2) 
C(8) 6208(5) 1166(5) 3678(3) 43(1) 
C(9) 5994(5) 953(5) 3017(3) 40(1) 
C(10) 7184(5) 1680(5) 3869(3) 44(1) 
C(11) 7851(5) 1983(5) 3403(3) 47(2) 
C(12) 7626(5) 1771(5) 2728(3) 43(1) 
C(13) 6690(5) 1266(5) 2536(3) 41(1) 
C(14) 3578(5) -146(5) 1395(3) 35(1) 
C(15) 3336(5) -1286(5) 1453(3) 42(1) 
C(16) 2277(5) -1581(6) 1479(3) 51(2) 
C(17) 1528(5) -743(7) 1465(3) 53(2) 
C(18) 1765(5) 381(7) 1413(3) 50(2) 
C(19) 2810(5) 714(6) 1364(3) 47(2) 
C(20) 4172(5) -2220(6) 1490(3) 47(2) 
C(21) 4427(6) -2637(7) 2183(3) 59(2) 
C(22) 3870(7) -3187(7) 1039(4) 72(2) 
C(23) 3098(5) 1956(6) 1296(3) 46(2) 
C(24) 2253(6) 2630(6) 889(3) 56(2) 
C(25) 3315(5) 2540(6) 1955(3) 53(2) 
C(26) 6981(5) 1564(5) 952(3) 38(1) 
C(27) 6793(5) 2735(5) 902(3) 46(2) 
C(28) 7565(6) 3382(6) 658(3) 52(2) 
C(29) 8475(6) 2914(6) 475(4) 59(2) 
C(30) 8647(6) 1763(6) 537(3) 52(2) 
226 
 
C(31) 7896(5) 1059(5) 783(3) 42(1) 
C(32) 5828(5) 3294(5) 1127(3) 50(2) 
C(33) 5294(6) 4076(6) 618(3) 56(2) 
C(34) 6094(6) 3970(6) 1753(3) 60(2) 
C(35) 8134(5) -159(5) 914(3) 43(1) 
C(36) 8858(5) -679(6) 440(3) 47(2) 
C(37) 8589(6) -360(6) 1617(3) 52(2) 
N(1) 4677(4) 172(4) 1447(2) 38(1) 
N(2) 6193(3) 903(4) 1257(2) 34(1) 
Cl(1) 5860(1) -1679(1) 220(1) 43(1) 
Pd(1) 5000 0 0 35(1) 
________________________________________________________________________ 
Table A12:  Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for 4.  U(eq) is defined as one third of the trace of the 



















C(1)-N(1)  1.386(8) 
C(1)-N(2)  1.396(7) 
C(1)-Pd(1)  2.043(6) 
C(2)-C(3)  1.360(8) 
C(2)-N(1)  1.390(7) 
C(2)-C(4)  1.477(8) 
C(3)-N(2)  1.393(7) 
C(3)-C(13)  1.475(8) 
C(4)-C(5)  1.381(9) 
C(4)-C(9)  1.442(8) 
C(5)-C(6)  1.438(9) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.368(9) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.441(9) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.401(8) 
C(8)-C(10)  1.425(9) 
C(9)-C(13)  1.440(8) 
C(10)-C(11)  1.389(9) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.429(8) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.376(9) 
C(12)-H(12)  0.9500 
C(14)-C(15)  1.401(8) 
C(14)-C(19)  1.421(9) 
C(14)-N(1)  1.460(8) 
C(15)-C(16)  1.412(9) 
C(15)-C(20)  1.544(9) 
C(16)-C(17)  1.387(10) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.379(11) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.414(9) 
C(18)-H(18)  0.9500 
C(19)-C(23)  1.534(10) 
C(20)-C(22)  1.516(10) 
C(20)-C(21)  1.531(9) 
C(20)-H(20)  1.0000 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-C(25)  1.539(8) 
C(23)-C(24)  1.547(9) 
C(23)-H(23)  1.0000 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-H(25A)  0.9800 
C(25)-H(25B)  0.9800 
C(25)-H(25C)  0.9800 
C(26)-C(31)  1.392(9) 
C(26)-C(27)  1.418(9) 
C(26)-N(2)  1.466(7) 
C(27)-C(28)  1.384(9) 
C(27)-C(32)  1.514(10) 
C(28)-C(29)  1.376(10) 
C(28)-H(28)  0.9500 
C(29)-C(30)  1.392(10) 
C(29)-H(29)  0.9500 
228 
 
C(30)-C(31)  1.405(9) 
C(30)-H(30)  0.9500 
C(31)-C(35)  1.503(9) 
C(32)-C(33)  1.531(9) 
C(32)-C(34)  1.542(9) 
C(32)-H(32)  1.0000 
C(33)-H(33A)  0.9800 
C(33)-H(33B)  0.9800 
C(33)-H(33C)  0.9800 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
C(35)-C(36)  1.538(9) 
C(35)-C(37)  1.546(9) 
C(35)-H(35)  1.0000 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
C(36)-H(36C)  0.9800 
C(37)-H(37A)  0.9800 
C(37)-H(37B)  0.9800 
C(37)-H(37C)  0.9800 
Cl(1)-Pd(1)  2.314(2) 
Pd(1)-C(1)#1  2.043(6) 




































































































































































Table A13:   Bond lengths [Å] and angles [°] for 4. Symmetry transformations used to 





 U11 U22 U33 U23 U13 U12 
C(1) 39(3)  36(3) 36(3)  3(2) 2(2)  4(2) 
C(2) 39(3)  42(3) 29(3)  -6(2) -3(2)  0(3) 
C(3) 45(3)  39(3) 33(3)  -5(2) -3(2)  0(3) 
C(4) 32(3)  44(3) 32(3)  -1(2) -1(2)  3(2) 
C(5) 41(3)  57(4) 37(3)  -1(3) 2(3)  -5(3) 
C(6) 55(4)  52(4) 38(3)  1(3) 13(3)  -1(3) 
C(7) 56(4)  52(4) 32(3)  -7(3) 4(3)  3(3) 
C(8) 48(4)  44(3) 34(3)  1(3) -4(2)  3(3) 
C(9) 42(3)  42(3) 34(3)  3(2) -3(2)  7(3) 
C(10) 47(4)  44(3) 39(3)  -7(3) -1(3)  5(3) 
C(11) 49(4)  43(4) 48(4)  -9(3) -3(3)  -5(3) 
C(12) 47(4)  48(4) 33(3)  -7(3) 2(2)  -1(3) 
C(13) 50(4)  42(3) 31(3)  -2(2) 0(2)  3(3) 
C(14) 36(3)  43(3) 25(3)  -4(2) -4(2)  -3(2) 
C(15) 46(4)  52(4) 28(3)  1(3) 0(2)  -4(3) 
C(16) 45(4)  64(4) 43(3)  8(3) -2(3)  -11(3) 
C(17) 38(3)  78(5) 41(3)  8(3) 0(3)  3(3) 
C(18) 42(4)  68(5) 38(3)  5(3) 3(3)  5(3) 
C(19) 50(4)  64(4) 27(3)  2(3) -3(2)  9(3) 
C(20) 43(4)  52(4) 46(3)  2(3) 1(3)  2(3) 
C(21) 50(4)  70(5) 56(4)  8(4) -1(3)  14(4) 
C(22) 73(5)  58(5) 84(6)  -19(4) -5(4)  9(4) 
C(23) 48(4)  53(4) 37(3)  -4(3) 4(3)  9(3) 
C(24) 60(4)  51(4) 56(4)  -1(3) -5(3)  8(3) 
C(25) 50(4)  63(4) 47(4)  -4(3) 3(3)  1(3) 
C(26) 45(3)  36(3) 32(3)  0(2) 0(2)  -3(2) 
C(27) 55(4)  47(4) 34(3)  2(3) -5(3)  -10(3) 
C(28) 68(5)  41(4) 48(4)  0(3) 3(3)  -7(3) 
C(29) 66(5)  54(4) 60(4)  3(3) 13(3)  -8(3) 
C(30) 53(4)  49(4) 54(4)  3(3) 2(3)  -4(3) 
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C(31) 40(3)  49(4) 36(3)  1(3) -4(2)  -7(3) 
C(32) 61(4)  37(3) 49(4)  -2(3) -2(3)  1(3) 
C(33) 68(5)  49(4) 50(4)  -6(3) -10(3)  12(3) 
C(34) 82(5)  53(4) 45(4)  -5(3) -5(3)  6(4) 
C(35) 35(3)  53(4) 40(3)  -3(3) 0(3)  -4(3) 
C(36) 50(4)  50(4) 42(3)  -3(3) 5(3)  1(3) 
C(37) 59(4)  62(4) 36(3)  -2(3) 7(3)  0(3) 
N(1) 38(3)  45(3) 28(2)  -6(2) -1(2)  -1(2) 
N(2) 36(3)  38(3) 29(2)  -1(2) -1(2)  -2(2) 
Cl(1) 50(1)  44(1) 34(1)  0(1) -3(1)  10(1) 
Pd(1) 38(1)  38(1) 28(1)  0(1) -2(1)  2(1) 
________________________________________________________________________ 
Table A14:   Anisotropic displacement parameters (Å2x 103)for 4.  The anisotropic 
displacement factor exponent takes the form: - 2[ h2a*2U11 + ... + 2 h k 




































































































































Table A15:  Torsion angles [°] for 4. 
Symmetry transformations 
used to generate equivalent 
atoms: #1 -x+1,-y,-z. 
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Appendix B: UV-vis Spectroscopy 
 
Figure B1: Absorption spectrum of 1 in dichloromethane with with ʎmax = 308 nm.  
Beer’s law was used to determine the molar absorptivity from a calibration 







 = 0.9918).     
 
Figure B2: The absorption spectrum of 2 in dichloromethane with ʎmax = 309 nm.  Beer’s 
law was used to determine the molar absorptivity from a calibration curve 











Figure B3: The absorption spectrum of 3 in dichloromethane with ʎmax = 293 nm.  Beer’s 
law was used to determine the molar absorptivity from a calibration curve 







 = 0.998) 
 
 
Figure B4: The absorption spectrum of 4 in dichloromethane with ʎmax = 295 nm.  Beer’s 
law was used to determine the molar absorptivity from a calibration curve 







 = 0.9415) 
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Figure B5: UV-vis spectra of (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 (A-
V, light grey), and (NHC)PdCl2(PPh3)@SiO2 (5, black) 
 
 
Figure B6: UV-vis spectra of (NHC)(PPh3)PdCl2 (2, dark grey), Imidazolium@SiO2 (B-




































































Ad   Adamantane 
BIAN   Bis(imino)acenaphthene 
Boc   tert-Butoxy carbamate 
Dba   Dibenzylideneacetone 
Dipp   Diisopropylphenyl 
Dppp   1,3-bis(diphenylphosphino)propane 
DavePhos  2-dicyclohexylphosphino-2'-(N,N-dimethylamino)biphenyl 
DCM   Dichloromethane 
FibreCat  Polymer-bound functionalized fibre catalyst 
HOMO  Highest occupied molecular orbital 
JohnPhos  (2-biphenyl)di-tert-butylphosphine 
IMes   1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene 
IPA   2-propanol 
IR   Infrared 
ITol   1,3-bis(4-methylphenyl)imidazole-2-ylidene 
IXy   1,3-bis(2,6-dimethylphenyl)imidazole-2-ylidene 
LUMO  Lowest unoccupied molecular orbital 
m‒   Meta 
Mes   Mesityl 
MO   Molecular orbital 
NUPHOS  1,4-bis(diphenylphosphino)-1,3-butadiene 
o‒   Ortho 
p‒   Para 
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ppm   Parts per million 
ppb    Parts per billion 
SEM   2-(trimethylsilyl)ethoxymethyl 
TGA   Thermogravimetric analysis 
THF   Tetrahydrofuran 
Tol   Toluene 
TunaCat  P(t–Bu3)-based FibreCat 
UV-vis  Utraviolet-visible 
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